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This Analyzer 


Measures 3 Essential Characteristics 


of Impact Noise 


PEAK 
TIME-AVERAGE 


Vera 


> 


QUASI-PEAK 


peak sound leve 


An electrical storage system retains the ‘‘Peak’’ and ‘“‘Time 
Average” readings, regardless of the function setting of the in- 
strument, so that these impact characteristics can be read at 
the operator’s convenience. The convenient push-button reset 


switch, which erases the stored level, facilitates repetitive 
measurements. 


Type 1556-B IMPACT-NOISE ANALYZER .... $220. 


The Impact-Noise Analyzer is designed specifically for the 
measurement of impact noises such as the disconcerting and 
sometimes harmful sounds produced by punch presses, drop 
hammers, metal shears, firearms, office machines, and other 
noisemakers. Sound and vibration measuring equipment de- 
signed for steady-state analysis is inadequate for measuring 
the short-duration transients characteristic of impact noise. 
Complicated and bulky arrays employing oscilloscopes are 
impractical for in-the-field measurements. The battery- 
operated Impact-Noise Analyzer, attached to the end plate 
of the G-R Type 1551-C Sound-Level Meter, forms a com- 
pact package weighing less than 13 pounds. 


Write for the Sound Measuring 


Used in conjunction with the Sound-Level Meter, 
serves as a preamplifier, the Impact-Noise Analyzer 
ures the noise of this punch press. The instrument § 
also be used with spectrum ee (such as G-R's 
1550-A, Octave-Band Noise Analyzer) for frequency 
yses of impact sounds. 


Equipment Bulletin GENERAL RADIO COMPANY 


WEST CONCORD, MASSACHUSETTS 


NEW YORK, WOrth 4-2722 CHICAGO PHILADELPHIA WASHINGTON, D.C. SAN FRANCISCO LOS ANGELES 


District Office in Ridgefield, N. J. 


Oak Park Abington Silver Spring 
Witney 3-3140 Village 8-9400 HAncock 4-7419 JUniper 5-1088 


Los Altos Los Angeles 
Whitecliff 8-8233 HOllywood 9-6201 
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A Wind Tunnel for Providing 


Known Air Movement 


RICHARD S. BRIEF and FRANKLIN W. CHURCH 


Medical Research Division, Esso Research & Engineering Company, 
Linden, New Jersey 


Unique features have been incorporated into a subsonic wind tunnel to simplify 
calibration of a wide variety of air flow instruments used in industrial hygiene, ventila- 


tion, and air pollution activities. 


N THE past, sub-sonic wind tunnels have been 
troubled by poor velocity contours, were un- 
» able to give a flat velocity contour even with air 
© straighteners, and demonstrated varying fan per- 
‘formance with changes in the volume of air 
© handled. More recent data, however, have made 


air pollution activities have been calibrated in 
this tunnel by comparing true flow versus scale 
readings at several points within the specific in- 
strument’s range. The wind tunnel can also be 
used to evaluate the performance of special hood 
shapes. 


' it possible to overcome these difficulties to the 
end that excellent performance can now be ex- 
| pected from a well-designed unit. 
- The wind tunnel described in the following 
» paragraphs was designed to operate at sub-sonic 
| velocities and incorporates a number of unique 
> features. The tunnel provides velocities ranging 
from about 20 to 5000 fpm and flat velocity pro- 
files in three different locations. Air fiow instru- 
ments used in industrial hygiene, ventilation, and 


Design and Operation Features 


The wind tunnel was designed to provide two 
different cross-sectional calibration areas on the 
inlet side so as to simultaneously give two dif- 
ferent velocities at each volume setting. An ad- 
ditional calibration area is provided on the outlet 
or exhaust side to provide a convenient means of 
checking supply opening jets and of calibrating 
large-sized velocity-sensitive probes under high 


CALIBRATION WIND TUNNEL 


VELOMETER 
AT LOW SPEED 
\ CALIBRATION AREA 


ORIFICE ASSEMBLY = 


AIR BLEED 
DAMPERS ~ 


FAN @ DRIVE 


EGG CRATE 


THERMOANEMOME TER 
STRAIGHTNER T 


aT 
CALIBRATION AREA 


Ficure 1. A descriptive sketch of the wind tunnel apparatus for providing known air move- 
ment in the sub-sonic range. 
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Ficure 2. A type 3930 Velometer probe being calibrated at the low-speed calibration area. 
The panel board can be seen through the lucite test section. 


Figure 2A. The panel board used with the wind tunnel. A barometer, vertical and inclined 
manometers, and the valves for the pneumatic controllers can be seen from left to right. 


velocity conditions. The complete unit is shown 
schematically in Figure 1. Figures 2, 2A, 2B, 2C 
show the various sections in detail. 

The three calibration areas provided are: (1) 
a “low-speed” section on the inlet side of the fan, 
(2) an inlet “high-speed” section at the throat of 
a properly shaped nozzle, and (3) a similar “high- 
speed” section on the outlet side of the fan at 
the throat of another properly shaped nozzle. The 
nozzles are untrimmed sousaphone bells which 


have excellent aerodynamic properties. These 
stock item sousaphone bells accounted for con- 
siderable savings in the construction costs of the 
wind tunnel. 

One metering orifice assembly is located on 
either side of the fan. Two ASME-specified’ 
orifices are provided for each assembly. These 
orifices were sized to meter the full range of flows 
that would be encountered. 

An air bleed line with a pneumatically-cot 
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Ficure 2B. A view of the motor-fan area. The pneumatic controllers for the air-bleed 
dampers can be seen on top of the ductwork. 


Ficure 2C. The outlet calibration area is shown being used to calibrate a 3920 supply 
opening probe for a Velometer. 
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4.00" oRIFICE 


5.72" ORIFICE 


TO GET VELOCITY AT 
AIR DENSITY, D, OTHER 
THAN 0.075 \b/cu. ft. 
PAULTEPLY VELOCITY 
OBTAINED BELOW BY 


0.075 


1,000 5,000 


VELOCITY, Vv, fpm 


Ficure 3. Velocity at 8” diameter inlet calibration area vs orifice reading. 


trolled damper is positioned on either side of the 
fan to help vary the air flow through the calibra- 
tion areas and to allow operation within the most 
stable region of the fan’s curve. The fan is belt- 
driven by a two-speed five-horsepower motor to 
provide additional flexibility in operation. 


Construction Details 


The inlet air is drawn into a 2% ft square x 
2 ft deep lucite test section, with a 72 ft square 
steel intake flange. A smooth entrance shape is 
provided to reduce turbulence in the low-speed 
calibration area. The air in the lucite box is then 
accelerated through a bell-mouth into a carefully 
honed 8 in. inside diameter brass pipe. The 
throat of the bell mouth serves as the second test 
zone or inlet calibration area. 

The air then moves through the 8 in. ductwork, 
past an orifice assembly where it is metered, and 


on to the intake side of the fan. Additional air can 
enter at the intake side of the fan through an 
air bleed line with a pneumatically-controlled 
damper. The air continues through the fan and 
can either be exhausted through another air bleed, 
again with a pneumatically-controlled damper, or 
pass through an egg-crate straightener and on 
past the second orifice assembly. In the latter 
case, the flow then continues to an expanded see- 
tion and is accelerated through another bell- 
mouth shape, discharging through an outlet of 
84 in. inside diameter. This discharge zone is the 
outlet calibration area. 

Initially the orifice plates, which are equipped 
with 1-D and %-D pressure taps, were call- 
brated with an NPL standard round-nosed pitot- 
static tube traversing the throats of the bell 
mouth shapes in the wind tunnel. A Hook 
gauge was used to measure the velocity pres- 
sure from the pitot-static tube to 0.001 m. 
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Ficure 4. Velocity at 8.25” diameter outlet calibration area vs orifice reading. 


H:0. The flow through these bell-mouth shapes 
or nozzles was constant across the full cross- 
sectional area, as predicted by theory.’ This 
uniform profile simplified the traverse pro- 
cedure and assured the accuracy of the orifice 
calibrations. The orifice calibration curves are 
shown in Figures 3, 4, and 5. Figure 6 shows the 
worksheet used in routine testing of air-sensitive 
probes. 

Instruments successfully calibrated to date 
are listed in Table I. Deviations as great as 50% 
from the expected reading were noted in some of 
the air-sensitive probes tested. 

Volumes up to about 1700 cfm free delivery can 
be checked with this device. The technique re- 
quires fabricating a baffle to fit the wind tunnel 
to insure that all the air being metered by an 
orifice is actually passing through the unit being 
evaluated. Such units can be instruments, like 
high-volume samplers, hood shapes, metering 


assemblies, and the like. Three projects utilizing 
this approach have been completed. 


Accuracy 


Total volume delivered or metered by various 
instruments can be checked with the wind tunnel 
in the range 200-1700 cfm, or from about 20-5000 
fpm. Lower volumes can be checked, but at de- 
creasing accuracy. In the operating range of 
velocities used, the 95% confidence internal is 
nominally + 2% of the velocity determined from 
the calibration charts. (See Figures 3, 4, and 5.) 
In order to gain greater accuracy, if it is desired, 
the calibration runs are arranged so that the 
orifice reading used is actually the mean of five in- 
dividual determinations at the same air flow set- 
ting. By this technique, the 95% confidence in- 
terval is reduced to about + 1% of the velocity. 
The statistical development used has been de- 
scribed by Davies.‘ 
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Ficure 5. Velocity at low speed inlet calibration area vs orifice reading. 


Other Calibration Methods 


In addition to the wind tunnel, there are two 
other accepted types of air flow calibration de- 
vices: the whirling arm and the linear track. 
Some of the inherent disadvantages of these two 
methods are described below. 


Centrifugal Effects 


At greater than 300 fpm peripheral velocity, 
centrifugal effects would be noticeable in the 
whirling arm. If the speed is further increased, 
the radius of the whirling arm should likewise be 
increased to avoid these forces as much as pos- 
sible. 


Induced Flow or Swirl 

Induced flow is also significant in a whirling 
arm apparatus. The magnitude of the swirl was 
found to be up to 16% of the velocity in an en- 


closed whirling arm device and about 6% of ve- 
losity in an open whirling arm device.” *** In 
both enclosed and open linear tracks, there is 
some induced flow. The distinetion between 
“open” and “enclosed” refers specifically to 4 
housing placed around the device to cut down on 
the induced flow and natural effects. 


Vertical Motion and Natural Air Currents 


There is some additional motion in the vertical 
direction in both the open whirling arm and open 
linear track methods. Enclosing these devices 
tends to reduce or eliminate these effects. 


Electrical Response Instruments 


Calibration on the whirling arm and lineat 
track of instruments that depend upon small 
changes in electrical values is difficult because of 
necessarily long transmission lines, commutators, 
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Probe: 


Fan Speed: 


Orifice Size: 4.00", 
Inlet, 
8" Diam., Lucite, 8 1/4" Diam. 


Operating Side: 
Calibration Area: 


T: Dry Bulb Temp. 
Wet Bulb Temp. 


Humidity: 


G: Specific Gravity: 


P: Barometer: 


Density 


PG 
1.325 


Outlet 


°F 
°F 


Be. 


3.61" 


WIND TUNNEL WORK SHEET 


6.00" 


gr. H,0/Ib. dry air 


True Velocity, fpm 


Instrument 
Indication, fpm 
oe 


Figure 6. Worksheet used in calibration of velocity-sensitive probes. 


Instrument 


Alnor Velometer, 
Type 3002 


Precision Air Meter, 
Model B-15 


Thermo-anemometer, 
Type 8500 


Thermo-anemometer, 
Model GGA2C 


Heated Thermom- 
eter- Anemometer 


and amplifying equipment. The wind tunnel has 


TABLE | 


Manufacturer 


Illinois Testing Lab- 
oratories, Inc. 


Hastings- Raydist, 
Inc. 


Illinois Testing Lab- 
oratories, Inc. 


Gelman Instruments 


Company 


Willson 
Inc. 


Products, 


no such drawback. 


Instruments Calibrated 


| Total No. of 


Indicated 
Velocity 


»|Range, fpm 


20-300 


| 100-1000 


500-6000 


0-500 
500-20, 000 


10-300 
100-2000 


6-1800 


10-6000 


Length 


The linear track must be made very long to 
measure high velocities; thus its use is practically 
limited to low velocity calibration. Assuming 
about three seconds for steady state, 300 ft of 
accurately aligned track would be necessary to 
measure a velocity of 6000 fpm. Also, extra length 
would have to be provided for acceleration and 
deceleration. 

The wind tunnel has none of the above dis- 
advantages. It is finding increased acceptance as 
the basic calibration standard for air flow calibra- 
tion, replacing the other two devices noted. 
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PROGRAM PLANNING 


HE PROGRAM PLANNERS for the Twenty-third Annual Meeting of the 

American Industrial Hygiene Association to be held at the Park-Sheraton Hotel, 
Washington, D.C., May 13-17, 1962, have been hard at work preparing an interesting 
and informative program from the papers offered for presentation. While many of the 
selections have already been made firm, there is yet time to receive and consider ad- 
ditional papers for this meeting. Inasmuch as the program must be well-shaped before 
December, persons desiring to make a last minute submittal of a paper should act 
immediately to send their subject and something concerning the paper to the appro- 
priate Session Arranger or the Chairman. Abstracts of all papers are desired by 
January 1 and will be required by February 1, 1962. All papers presented at the annual 
meetings of the American Industrial Hygiene Association are considered for publica- 


tion in the AIHA Journal. 


Following are the names and addresses of the Program Chairman and the Session 
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Baltimore 12, Maryland 


Medical 


Analytical Chemistry 
Joseph A. Houghton 
Liberty Mutual Insurance Co. 
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Removal of Solid Particles from a Solid Surface 
by a Turbulent Air Stream 


MORTON CORN, Ph.D., and LESLIE SILVERMAN, Sc.D. 


Department of Industrial Hygiene, Harvard School of Public Health, 
Boston 15, Massachusetts 


Ground silica dust (Mg = 1.3 », Sg = 1.7) was deposited on Tyler 100 mesh screen at 
velocities from 3.8 to 27 fps. Particles adhering to the screen were then blown off by 
filtered air at velocities greater than deposition. Air drag on particles submerged in 
the laminar boundary layer was calculated from a simple irrotational fluid flow model 
and compared to particle adhesion force determined in a companion study. Air drag 
calculated in this manner failed to account for observed particle re-entrainment. Par- 
ticle re-entrainment, defined in terms of screen pressure loss, was more difficult to 
achieve as deposition velocity increased. A blowoff velocity of 132 fps, based on screen 
free cell area, removed essentially all adhering dust from a single screen. During both 
deposition and dust blowoff procedures, the collector acted as a particle agglomerator 
and increased particle size by a factor of approximately 2x. 


Introduction 


NTIL recently all theoretical approaches to 

filtration mechanism in air were based on 
adhesion of particle to fiber after occurrence of 
initial contact. Unusual results by Ramskill 
and Anderson*® during filtration experiments sug- 
gested non-adherence of impinging particles to 
Gillespie and Rideal.” ° A subsequent investi- 
gation by Gallily and La Mer" confirmed that 
non-adherence of liquid droplets was velocity de- 
pendent. The behavior of solid particles on im- 
pact at solid surfaces is less clearly defined than 
for liquid droplets. 

Cloth or fabric filters operated at air velocities 
above 50 fpm or above approximately 200 fpm 
for air conditioning or roughing filters such as 
the coarse glass fiber type, are considered high 
velocity filters. Lapple et al.” observed particle 
blowoff from such filters operating at air veloci- 
ties from 3 to 10 fps. 

In contrast to particle non-adherence during 
filtration, particle re-entrainment during filter 
cleaning operations is desirable. Fabric filters 
are usually rapped, shaken, or cleaned by re- 
verse air or air jets. Recent investigations sug- 
gest the utilization of shock waves for such 
cleaning.” 

Particle re-entrainment during filtration and 
filter cleaning cycles are phenomena intimately 
associated with the forces of adhesion holding 
particles to surfaces and to each other. Early in- 
vestigations of Bagnold* dealt with wind re- 
entramment of sand grains larger than 80 mi- 


crons. Gutterman and Ranz” treated the case of 
dust re-entrainment in ducts but found it nec- 
essary to characterize shear properties of indi- 
vidual dust layers in order to approximate re- 
entrainment velocities. Rumpf”™ related particle 
adhesion to fluid drag, as contrasted to some 
special function of particle or bed weight. How- 
ever, he lamented the lack of adhesion data to 
complete the analysis. Recently, Kordecki and 
Orr™ theoretically related air drag to particle 
adhesion forces actually determined by a centri- 
fuge technique. They concluded that natural 
forces other than rain were not sufficiently strong 
to dislodge solid particles adhering to solid sur- 
faces in air. 

In a companion study which preceded this 
experiment, forces of adhesion of micron size 
particles to solid surfaces in air were measured 
by a micromanipulative technique employing a 
microbalance.* It was of great practical im- 
portance to know if basie particle adhesion data 
could be extrapolated, even approximately, to 
predict re-entrainment from a solid surface 
transverse to an air stream. Therefore, this ex- 
periment was undertaken. While pursuing this 
objective, interesting results were obtained rela- 
tive to dust re-entrainment during deposition 
and after deposition when clean air was applied 
to remove particles adhering to the collector sur- 
face. In this paper, the theoretical model used 
to predict re-entrainment will be described first. 
This will be followed by a description of the 
experiment. It should be noted that relatively 
large scale equipment was specifically selected to 
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see if re-entrainment predictions could bridge the 
gap from individual laboratory adhesion meas- 
urements to a pilot scale system. 


Theory 


In this study comparison was made between 
particle adhesion forces and air velocities which 
re-entrained particles residing on cylindrical test 
surface fibers. To do this, air drag acting on 
particles submerged in the laminar boundary 
layer of a cylinder was calculated by means of 
a simple model. The procedures and assumptions 
involved in these calculations are outlined below. 

The simplified two-dimensional equation of 
motion in the boundary layer for incompressible 


fluid flow past a curved surface is:” 
au 

= 
OL) it. OY 


In addition, the two dimensional continuity 
equation for the boundary layer is given by Eq. 
2). 
au ov 


—+—2#090 (2) 
Ox oy 


Since u is the velocity in the z direction only 
and does not vary in the y direction, Bernoullis’ 
equation holds for the boundary layer. 


constant (3) 


Substituting Eq. (4) in Eq. (1) yields: 


ou Oru 


u (5) 


Or p oy? 

Meksyn” solved equations (2) and (5) for the 

case of a circular cylinder by assuming that 

velocity at the edge of the boundary layer varies 

the same as if the flow were not rotational. 

Thus, if u* is the velocity at the edge of the 
boundary layer, Meksyn assumed 

u* = 2U Sin 6 (6) 

and Eq. (5) can be rewritten as 


Ox p ay? 


u (4) 


Meksyn showed that his solution to the bound- 
ary layer equations (2) and (7) compared favor- 
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ably with wind tunnel measurements of bound- 
ary layers on circular cylinders. In this study 
his solution has been used to calculate velocities 
at the edge of the boundary layer on circular 
fibers exposed to a main stream air velocity U. 
Computational tables given by Knudsen and 
Katz” were used. 

In the laminar boundary layer, velocity js 
proportional to the normal distance from the 
surface up to the edge of the layer where y = 
u*. Therefore, wu at any point in the boundary 
laver can be found after u* is known. 3 

The drag force on a particle on a cylindrical 
fiber at any angle 6 from the forward stagnation 
point was assumed to act at normal distance 
oD, from the cylinder surface and to be due 
to the boundary layer velocity at ’2D», (Eq. 8). 
Particle Reynolds number was calculated from 
Eq. 9 and Cy was obtained from appropriate 
curves of Re vs. Cp. 


C ppu*Ap 


x 2 


D,pu 


Re 


Drag was calculated for a sphere completely im- 
mersed in an air stream, i.e. fluid disturbance due 
to the fiber was ignored. 

In summary, steps involved in calculation of 
drag on individual particles residing on test 
surface fibers were: 

1. Caleulate u* at point @ from stagnation 

point. 

2. Calculate u at in boundary layer. 

3. Calculate R. at 

4. Calculate Fp. 

Inherent in these calculations are the following 
assumptions: (1) non-disturbance of the bound- 
ary layer due to particle and adjoining fibers, 
(2) spherical particles, (3) negligible air lift 
on the particle, (4) air drag on the particle is 
the only removal force. 


Equipment and Procedures 
Test System 


Figure 1 is a schematic drawing of the test 
system which provided filtered room air at depo- 
sition surface approach velocities to 3050 em/sec 
(100 fps). All straight runs were 2%” nominal 
size seamless Type K copper tubing (6.15 cm 
id.). At the lowest dust deposition velocity 
employed, i.e. 116 em./see (3.8 fps), Reynolds 
number in the test duct was 3,650. Therefore, 
during all tests, the air stream used to deposit 
and re-entrain dust was in turbulent motion as 
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it approached the dust collecting surface. Transi- 
tion sections and Venturi meter were fabricated 
from No. 24 galvanized sheet metal and adjoin- 
ing duct pieces were joined by flanges with Neo- 
prene rubber gaskets. Pressure taps, sampling 
tubes and dust feed tube were copper tubing 
(4”). All air entering the test duct passed 
through a plenum chamber and MSA Ultra-aire 
filter rated at 99.99% efficiency for 0.3 micron 
dust (DOP). 

The primary air mover was a Spencer turbo- 
compressor (Spencer Turbine Co., Hartford, 
Conn.) rated at 240 cfm against 8 oz. head. Air 
velocity in the duct was controlled by a butterfly 
yalve in the blower exhaust duct and was 
monitored by a Venturi meter calibrated against 
an impact velocity micropitot tube with static 
pressure wall tap. Pitot tube coefficient was as- 
sumed to be 1.0 and twelve-point duct traverses 
were made. Maximum metering error occurred 
at low air flows and is estimated as not exceeding 
+5%. There was sufficient straight run before 
the deposition surface as evidenced by sym- 
metrical duct velocity distributions. 


Test Dust 


The test dust was ground silica (99.9% Si0.) 
(Mg = 1.10 w, Sg = 1.7). It was sampled iso- 
kinetically in the test duct with a probe incor- 
porating a settling chamber with glass micro- 
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scope slide at the base. Settled dust was sized 
under high, dry magnification (900) by an 
optical microscope calibrated with a Porton 
graticule. 

Dust entered the test duct from either a 
Harvard Turntable Feeder® or a Wright Dust 
Feed.* The latter device delivered dust at load- 
ings less than approximately 250 mg/m*, while 
the former was satisfactory at higher loading. 
Clogging of the outlet tube at high dust loadings 
prevented use of the Wright Dust Feed in all 
runs. 

Compressed air required to operate the Wright 
Dust Feed was dried (CaCl.), filtered (1106B 
Glass Web paper), regulated and metered by 
calibrated rotameter. In all tests this stream 
of air represented a small fraction of total air 
in the test duct. At the lowest deposition velocity 
of approximately 91 em/see (3 fps) it con- 
tributed 5% of total duct air. 


Aerosol Sampling Procedures 


Air-borne dust particle size determination is 
described above. Dust loading upstream and 
downstream of the test surface was determined 
with isokinetic sampling probes described by 
Anderson.* The probes contained 22 mm circles 
of 1106B glass web filter paper which were 
weighed before and after sampling on a semi- 
micro analytical balance (+0.0001 g). Average 
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sample weights of two to four milligrams indi- 
cate a possible weighing error of 5.0 to 2.5%. All 
dust sampling trains utilized spirometer cali- 
brated orifices (+2%) to meter air flow. 


Dust Deposition Surface 


The ideal test surface, one which could be used 
to accurately evaluate aerosol removal mecha- 
nisms, is a series of parallel, uniform fibers of 
known diameter and spacing. Difficulties en- 
countered in fabrication of an “ideal” surface 
led to adoption of Tyler 100 mesh woven metal 
screens for these studies. Disadvantages as- 
sociated with crossing of warp and woof in this 
material are offset by uniformity of fibers and 
spacings, availability, and ease of static change 
removal by simple grounding. 

Tyler 100 mesh screen is composed of fibers 
with 120 micron diameters and spacings between 
fibers of 147 microns. Screen free cell area is 
30.4%. Therefore, all duct air velocities must be 
multiplied by a factor of 3.3 to obtain mean air 
velocity through the clean screen void area. Dust 
trapped in test screen pores serve to increase this 
factor. 

At the lowest flow condition of 116 em/sec 
(3.8 fps) air approach velocity, Reynolds number 
based on screen fiber size was approximately 32, 
indicating that fluid motion past the cylindrical 
fibers composing the screen was not streamline. 


Test Procedures 


Assessment of dust re-entrainment after col- 
lection by test screens was of primary interest in 
this experiment. Dust collection efficiencies of the 
screens were not determined, but were below the 
detection limit of aerosol samples, i.e. less than 
5% by weight. 

Oil or water manometers (1:10 incline) were 
used to measure pressure loss through the screen 
as a function of time for each test condition of 
duct air velocity and dust loading. Aerosol sam- 
ples were obtained simultaneously upstream and 
downstream of the test surface. Eventually, 
pressure loss through the dust laden screen 
reached equilibrium. Dust feed, aerosol sampling 
and main air flow were then terminated. Aero- 
sol sampling probes were removed from the sys- 
tem and new probes were inserted to obtain 
downstream dust samples during re-entrainment 
procedures. 

Re-entrainment of dust residing on the Tyler 
screen was accomplished by adhering to the fol- 
lowing sequence of operations: 

1. Adjust duct air flow for deposition ve- 
locity and confirm equilibrium pressure loss. 

Check pressure loss at lower velocities. 
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2. Increase dust air velocity to prede. 
termined level above that of deposition ang 
hold for one minute. 

3. Lower duct air velocity to deposition 
velocity and record new pressure loss. 

4. Repeat steps 2 and 3 with progressively 
higher air velocities until pressure loss through 
the test screen is equal to that of the clean 
screen, or until blower capacity is reached. 
One minute was chosen for dust laden screen 

exposure time on the basis of dust removal 
achieved with filters exposed to blast waves 
which act for fractions of a second.” Obserya- 
tions during these tests indicate that if the dust 
comes off the test surface, it does so almost im- 
mediately after exposure to the high velocity air 
stream. Dust laden screen pressure loss did not 
fall during the entire minute of exposure; it fell 
immediately after exposure. A one minute ex- 
posure permitted all downstream aerosol sam- 
pling adjustments, pressure readings, ete. to 
be conveniently made. 


Measurement of Dust Captured by Screen 


It would have been desirable to remove the 
test screen from the duct and weigh the dust 
remaining on the screen after each successive 
treatment with high velocity air. However, this 
procedure would have disturbed the deposit. 
Therefore, dust deposited on the screen was in- 
directly monitored by pressure loss through the 
dust laden screen. The differences between dust 
laden and clean screen pressure losses were used 
to define effectiveness of dust removal from the 
sereen by high velocity air. 


Results and Discussion 


Characteristic Dust Deposition 
trainment Pattern 


and Re-en- 


Regardless of dust loading or deposition veloc- 
ity of the air stream, pressure loss through the 
single Tyler 100 mesh screen eventually reached 
a limiting, equilibrium value. Typical pressure 
loss-time curves are shown in Figure 2. Also in- 
dicated are pressure losses through the surface 
following application of specified clean air veloc- 
ities for one minute intervals. All velocities are 
average approach velocities in the test duct, and 
should be multiplied by 3.3 to obtain average ve- 
locities through the clean screen voids. 

Several conclusions can be drawn from Figure 
2 and other similar data: 

1. At each deposition velocity, regardless of 
stream loading, pressure loss through the test 
screen reached a reproducible equilibrium 
value. At any deposition velocity dust loading 
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Figure 2. Typical pressure loss characteristics of Tyler 100 mesh screen during deposition 


and removal of dust. 


influenced the time required to reach equilib- 
rium pressure loss, but did not alter its final 
value. 

2. Equilibrium pressure loss was not altered 
if clean air was drawn through the test sur- 
face and dust at deposition velocity. 

3. If clean air was drawn through the dust 
laden screen for one minute intervals at veloc- 
ities greater than that of deposition, a de- 
creased pressure loss was observed across the 
sereen after each interval, until a pressure loss 
equal to, or very nearly equal to, that of the 
clean screen was reached. 

4. A clean air approach velocity of approxi- 
mately 1220 em/see (40 fps) for one minute 
reduced pressure loss through the screen to 
a value close to that of the clean screen for 
dust deposited at velocities between 116 em 
see (3.8 fps) and 824 em/sec (27 fps). 


Prediction of Equilibrium Pressure Loss for 
Single Screen 


Figure 3 indicates equilibrium pressure loss 
through the dust laden sereen for runs at dust 
loadings from 37 to 288 mg/m* and deposition 
velocities from 116 em/see (3.8 fps) to 824 
em/see (27 fps). Variations in ambient air 
quality are noted. 

At any duct air velocity the difference between 
clean screen pressure loss, P,, and equilibrium 
pressure loss, P*, is an indirect measure of dust 
on the sereen. Figure 3 indicates equilibrium 
pressure loss and clean screen pressure loss for 
the range of deposition velocities used. It also in- 
dicates the following: 

1. Dust holding capacity of the screen de- 
creased as deposition velocity increased. 
2. At 824 em/see (27 fps) approach veloe- 
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Ficure 3. Pressure loss through Tyler 100 mesh screen (equilibrium dust laden and clean 


screen values). 


ity, P* was approximately that of the clean 
screen, i.e. only 0.013 em H.O increase. At 824 
em/sec (27 fps) essentially all dust striking 
the collection surface bounced off or was re- 
tained for a short period, agglomerated, and 
was then re-entrained. 

3. Dust loading capacity of the screen, as 
measured by P* — P, was an exponential func- 
tion of approach velocity and is closely ap- 
proximated by equation (10) for the velocity 
range 116 em/see (3.8 fps) < U < 732 em/sec 
(24 fps). 


3.49 107 


(U + 214) 


(10) 


where P* — P, = screen dust capacity, em 
H.O, as measured at 4.0 fps. 

The physical processes of re-entrainment 
which give rise to an equation of this form are 


not presently understood. An equation relating 
P* — P, to U*, which relates to air stream 
impact pressure was anticipated. Actually, for 
3.8 fps < U < 19 fps an equation showing 
the dependence of P* — P, on U* does fit the 
data remarkably well. 

4. The clean air approach velocity needed 
to blow essentially all adhering dust from the 
sereen (approximately 1220 em/see (40 fps)) 
was greater than the velocity at which dust es- 
sentially failed to deposit. This suggests that 
once dust is on the sereen it adapts to an 
aerodynamically stable position. 


Interpretation of Re-entrainment Results 


P* and P, were defined above. Pye is now de- 
fined as pressure loss through the dust laden 
sereen after one minute application of clean air 
at velocity BO. The following quantities are 
now defined. 
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CM./SEC. 


IN DUCT- 


VELOCITY 


AIR 


758 MM. HG. <P <769 MM. HG. 


% dust on sereen 


At equilibrium conditions after application of 
clean air at deposition velocity, Pxo = P* and 
there is 100% dust on the screen. 


— Po 
“ dust removal = 100] 1 — | —— (12) 
P* Po 


Figure 4 indicates % dust removal from the dust 
laden screen after one minute screen exposures 
to various clean air velocities. 

If the data of Figure 4 are further treated to 
reveal relative increase in clean air velocity to 
effect a given dust removal, an interesting pat- 
tern emerges. Thus, in Figure 5 the data are 
plotted as 

— Po) 
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% REMOVAL )| 


Ficure 4. Dust removal from single screen after deposition at various velocities. 


i.e. ratio of blowoff velocity to deposition veloc- 
ity per unit pressure loss through dust laden 
screen, vs % dust remaining on the screen as 
defined above. This treatment shows that when 
dust is deposited at two velocities a greater rela- 
tive increase in clean air velocity is required to 
remove an equal percentage of dust deposited at 
the high velocity. This treatment is somewhat 
deceiving, for the total amount of dust involved 
as the basis for calculation varies with deposition 
velocity. The qualitative point.to be made is 
one that has long been suspected; dust deposited 
at high velocities is harder to remove, presum- 
ably due to compaction, than dust deposited at 
low velocities. 

If the abscissa of Figure 5 is altered to Ugo /U 
so that blowoff data are not reduced to unit mass 
of dust (measured by P* — P,), then the curves 
of Figure 6 are obtained. These curves are not 
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Ficure 5. Clean air velocity required for dust removal. 
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as revealing as those of Figure 5, but they do 
indicate dust removal after one minute applica- 
tion of blowoff air. 


Particle Size of Re-entrained Dust 


Downstream dust samples were obtained 
during dust deposition and blowoff with clean 
air. All downstream dust samples were char- 
acterized by geometric mean particle sizes (by 
count) approximately twice that of upstream 
samples. Downstream dust particle sizes were 
comparable during collection and blowoff pro- 
cedures. Calculation of particle number and 
coagulation rate based on particle proximity in 
the test duct points to negligible agglomera- 
tion and therefore it is concluded that the Tyler 
sereen acted as a particle agglomerator in these 
tests. These tests confirm the suggestion of E. 
Anderson™ that filters should act as particle ag- 
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glomerators, with larger particles re-entrained 
downstream of the filter than those impinging on 
the upstream filter face. Billings, et al.” also ob- 
served agglomeration of iron oxide particles 
blown off a slag wool filter by shock waves. 


Multiple Screen Tests 


Tests were performed with three surfaces of 
Tyler 100 mesh screen separated by edge 
gaskets of 0.038 em thick Neoprene rubber. 
A representative pressure loss-time curve for 
these tests is shown in Figure 7. The tri-screen 
appeared to reach equilibrium pressure losses at 
levels approximately fifteen times greater than 
that of the single screen. Thus, at 320 em/see 
(10.5 tps) the latter equilibrated at 14 em H,O 
as contrasted to 18.3 em H.O for the tri-secreen 
assembly. This difference in behavior was found 
to be due to accumulation of dust between 
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Ficure 7. Typical pressure loss characteristics of tri-screen assembly during dust deposition 


and removal. 
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TABLE 
Air Drag on a Ten Micron Sphere Residing 
on a Circular Cylinder* 
= 824 cm/sec (27 fps 
25°C 
= 760 mm Hq 


6 Air Drag 
from stagnation point (dynes) 


10-4 

103 

10-3 

103 

103 

10-3 

5.0 103 

Region of boundary layer separation 


* Assumptions as stated in text. 


screens composing the tri-sereen assembly, with 
the largest accumulation between upstream first 
and second screens. Figure 7 also shows that 
clean air more effectively removed dust from a 
single screen than from three screens in series. 

Tri-screen operation is more representative of 
fabric filtration than single screen tests. Dust 
blown off a single screen is re-entrained in the 
air stream, but dust removed from all but the 
downstream surface if a multiple surface as- 
sembly has opportunity to strike remaining sur- 
faces before becoming permanently re-entrained. 
It is postulated that during this process of “ac- 
commodation” individual dust particles or ag- 
glomerates reach aerodynamically stable posi- 
tions on the screen matrix. The relative ease with 
which particles were removed from a single 
sereen leads to the further postulation that par- 
ticles fail to be re-entrained in high velocity 
filters because of fluid velocity profile distortion 
and not because of enormous adhesion forces. 
The forces are smaller than previously sup- 
posed.” ** Particles accommodate to aero- 
dynamically stable positions in the filter matrix 
where fluid velocities are low. Further, more ex- 
tensive work is obviously needed to substantiate 
this suggestion. 


Particle Adhesion Force vs Air Drag 


Individual particle adhesion measurements 
indicated that a force of approximately 10° dyne 
held a one micron quartz sphere to the test 
screen. The test dust was not composed of 
spheres but air drag was nevertheless compared 
to this force: deviations from sphericity lead to 
greater particle-surface contact and higher ad- 
hesion. 
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Air drag for a one micron sphere was e¢aley. 
lated as outlined above, based on air duct veloc. 
ity of 824 em/see (27 fps), the velocity at which 
dust essentially failed to deposit on the test 
screen. Screen approach air velocity was eor- 
rected to obtain velocity through the clean 
screen. This correction favors re-entrainment, for 
it represents the maximum air velocity attained 
(90° from forward stagnation point of each 
cylindrical fiber) as air passes through the clean 
sereen. In this manner, drag forces of less than 
10° dyne were obtained for all locations on g 
circular cylinder from the forward stagnation 
point up to separation of the boundary layer at 
approximately 90°. Therefore, the simple model 
used to calculate air drag failed to predict by 
a factor of ten, re-entrainment at the test con- 
dition where dust, as measured by screen pres- 
sure loss, essentially failed to be retained on 
the Tyler screen. 

Similar calculations were performed for a 
ten micron sphere (Table I) where an adhesive 
force of 10° dyne held particles to surfaces. 
Again, re-entrainment would not be predicted, 
but experience indicates that larger particles 
would be easier to remove than the smaller 
particles, which were re-entrained at this test 
condition. 

Therefore, it was concluded that other factors, 
not incorporated in the simple model used for 
calculation of air flow, must influence the re- 
entrainment mechanism. Included among these 
variables are particle inertia and boundary layer 
distortion by lodged particles and adjoining 
sereen fibers. 


Summary and Conclusions 


At ambient air conditions of approximately 
25°C and 30% relative humidity, essentially 
complete removal of approximately one micron 
silica particles lodged on a Tyler 100 mesh woven 
screen occurred at a clean air approach velocity 
of 1220 em/see (40 fps), which corresponds to a 
velocity of 4013 em/see (132 fps) through the 
clean screen. Essentially no dust deposition oe- 
curred at 824 em/see (27 fps) approach velocity. 

Experiments with a tri-sereen assembly of 
Tyler 100 mesh screen were characterized by 
dust accumulation between screens, high pres- 
sure loss, and poor dust removal by high 
velocity air. Therefore, it is suggested that 
dust retention on filter surfaces is not due 
to enormous forces of adhesion between 
particles and surface, but to distortion of 
the fluid velocity profile in the filter matrix, 
which leaves particles in aerodynamically stable 
positions. 
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During dust deposition and blowoff procedures 
with clean air, particles downstream of the col- 
lector were significantly larger than upstream 
particles. The Tyler screen collector acted as a 
particle agglomerator. 

A simple model utilizing potential flow theory 
was used to calculate air drag acting on particles 
immersed in the boundary layer on cylindrical 
fibers comprising the collector. For a specific 
flow condition, air-drag calculated in this manner 
was lower, by a factor of ten, than particle to 
surface adhesion force determined in a com- 
panion study. Particles should not have been re- 
entrained. Other factors, not accounted for in 
the assumed flow model, obviously greatly in- 
fluenced the re-entrainment process. 


Nomenclature 


Drag coefficient, dimensionless 
particle diameter, cm. 
Drag force, dynes 
= Static pressure, dynes/em* 
Pressure loss through clean screen, cm 
H.O 
Equilibrium pressure loss through dust 
laden screen, em H.O 
Pressure loss through dust laden screen 
after 1’ of clean air at velocity BO, em 
H.O 
Average fluid velocity in 2 direction, 
em/sec. 
Fluid velocity at edge of laminar-sub- 
layer, cm/sec. 
Average duct air velocity upstream of 
collector screen, cm/sec. 
= Average duct air velocity to blow dust 

off collector screen, cm/sec. 
Average air velocity in y direction, 
em/sec. 

p Density of air, g/em*. 

# = Viscosity of air, ep. 
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A Compact Cascade Impactor for Field 
Survey Sampling 


MORTON LIPPMANN, S.M. 


Health and Safety Laboratory, U.S. Atomic Energy Commission, New York, New York 


A new design for a cascade impactor is presented. Particulate material is collected at 
four impaction stages on two standard 1” x 3” glass microscope slides, with two de- 
posits on each slide. The deposits can be spread out during collection by using an 
external slide movement mechanism. A 1” diameter filter follows the impaction stages. 
A calibration nomograph is presented. Results obtained using this calibration are in 
good agreement with the results obtained by direct sizing of simultaneously drawn 


membrane filter samples. 


ntroduction 


HE use of cascade impactors for particle 

size analysis was reviewed in a previous 
paper. It was shown that cascade impactor 
analysis has many significant advantages over 
other methods. The major disadvantages were 
not fundamental to the method but due to a 
lack of suitable instruments. Modifications of 
existing commercial equipment, such as those 
of K. R. May, the Los Alamos Scientific Labo- 
ratory,* and the Health and Safety Laboratory’ 
(HASL), made them usable in the field, but 
fell short of making them convenient or reliable. 
It was concluded that cascade impactor analysis 
would not be a convenient field method until 
an instrument was designed specifically for field 
sampling. A development project was initiated 
and resulted in the cascade impactor illustrated 
in Figure 1. 


Design Objectives 


The primary objective was a compact unit 

which could: 

(1) be conveniently used for large scale sam- 
pling programs under industrial con- 
ditions, 

(2) withstand rugged field use and 
without damage, 

(3) take sufficient sample to permit accurate 
mass analyses on all of its stages, 

(4) collect all particles below 25 microns, 

(5) permit easy leading and unloading of 
collecting slides, and 

(6) be cleaned efficiently in the laboratory or 
in the field. 


abuse 


Description of Instrument 


The over-all dimensions are 134” x 114” x 
6”, which includes a 14%” diameter filter holder 


and slide movement mechanism. The total weight 
is ten ounces. The impaction surfaces are 
standard 1” x 3” glass microscope slides coated 
with an adhesive layer of silicone grease. The 
grease serves two functions: first, it is essential 
for the efficient collection of dry particles, and 
second, it seals the slide to the body of the im- 
pactor, preventing air leakage. 

Figure 2 shows a section view of the instru- 
ment illustrating the air path. The jet dimensions 
for the four impaction stages are listed in Table 
I. After passing the fourth jet, the air is drawn 
through an efficient filter. The lower end of the 
cascade impactor body is designed with an 0- 
ring seal and fits into the inlet of the standard 
HASL 1)” filter head. 

The success of this design depends upon the 
maintenance of close tolerances in the machining 
of the jets, and in the very flat, smooth surface 
upon which the collecting slides rest and seal 
against. The instrument is machined from alu- 
minum, providing the necessary rigidity with- 
out excessive weight. All surfaces are smooth 
and dead air spaces are minimized. 

A special feature is the manual slide movement 
mechanism. It consists of a thin plate with four 
arms which position the slides and guide their 
movement. The arms are spring-loaded and have 
two rest positions. In the upper part of Figure 1 
they are shown closed and in the lower part they 
are open. The slides can be advanced as the 
sampling proceeds without disturbing the in- 
tegrity of the air path seal. Movement is in 
1/16” increments over a total travel of 1”, per- 
mitting the collection of up to nine times more 
sample than can be collected on a non-moving 
slide. Thus, there is a much greater likelihood 
of collecting enough sample on stages 3 and 4 
for analysis without overloading the adhesive 
at those positions. The notches and spring-loaded 
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1x3” GLASS SLIDE 


Figure 1. HASL cascade impactor. Upper view shows adhesive coated glass microscope 
slides and 1144” diameter filter holder in place. Lower view shows the opposite side of the 
instrument with the arms of the slide movement mechanism in the open position and the 


filter head detached. 


pawl of the mechanism permit slide movement in 
one direction only, preventing inadvertent smear- 
ing of the collected material. 


Calibration 


The instrument was calibrated empirically 
by direct microscopic sizing of particles collected 
on each impaction stage. The procedure was 
the same as that used by the HASL in calibrat- 
ing the Casella cascade impactor.’ The Casella 
instrument was calibrated at one flow rate only 
(17 liters/min), while the HASL cascade im- 
pactor was calibrated over a range of flow rates 
to permit greater latitude in size measurement. 
As a result, considerably more microscopic siz- 
ing was necessary for this calibration. 

A generalized calibration was developed which 
is applicable to dusts with densities between 
08 and 20 grams/em* and for any sampling 
flow rate between 2 and 40 liters/minute. This 
calibration is illustrated by the nomogram of 
Figure 3, which is based on the following equa- 
tions: 

= 2820 


Q = 6VS 


where: particle density—grams/ce 
jet velocity—meters/second 
particle diameter—microns 
sampling flow rate—liters/minute 
S jet cross-sectional area—square 
centimeters 
The accuracy of the calibration was checked 
by comparing cascade impactor sample results 
with size analyses performed on simultaneously 
drawn membrane filter samples. The results from 
five such tests, each performed at a different 
sampling rate, are shown in Table II. The agree- 
ment, for both median size and standard devia- 
tion, seems excellent. The size distribution curves 
for the 4.8 liter/minute test are illustrated in 
Figure 4. 


p 

d 
Q 


Secondary Deposition and Wall Losses 


Figure 5 shows collecting slides with U,0, de- 
posits on them. The slides on the right show 
nine separate traces per stage, obtained by ad- 
vancing the slide during collection. The slides on 
the left show single trace deposits. These slides 
were permitted to collect more material than 
is desirable in order to illustrate the appearance 
of the deposit. When deposits approach these 
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AEROSOL. 
INLET 


MICROSCOPE 


O-RING SEAL 


STAGE 5 


CLEAN AIR OUTLET 
Ficure 2. Pictorial cross-sectional view of the 
instrument while sampling. The particle size is 
grossly exaggerated. 


densities, secondary deposition, wall losses, and 
slippage of particles to succeeding stages be- 
comes excessive. 

Secondary deposition may be noted on stages 
1 and 2. This deposition takes place on the col- 
lecting surface at points distant from the pri- 
mary deposit. The slides are usually free of 
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particles downstream of the primary deposit for 
a distance equal to several times the width of 
the primary deposit. Deposition beyond this 
“clean” area is most likely due to diffusional 
deposition, since these areas have relatively low. 
velocity air movement. The amount of such 
secondary deposition varies slightly with the 
over-all sampling rate but is relatively low under 
all conditions. It is usually less for stages 3 
and 4 than for stages 1 and 2. Secondary depos- 
tion expressed in percentage of total deposition 
for a number of calibration runs is indicated 
in Table III. It can be seen that the percentage 
of the particles depositing in this manner is 
in the range 13% to 25%, while the relative mass 
contribution of this secondary deposition varies 
from 5% to 11%. The size distribution of the 
particles in the secondary deposit is closer to 
the size deposited at the following stage than to 
that of the primary deposit on the same stage. 
The same mechanism that deposits particles as 
secondary deposition on the slide undoubtedly 
also causes some particles to deposit along the 
walls of the air path near the same points. This 
contributes to “wall losses,” i.e., material ad- 
hering to the walls of the instrument rather than 
the collecting surfaces. 

To investigate the magnitude of these “wall 
losses,” a number of tests were performed. All 
the material remaining in the impactor was re- 
moved, transferred to a membrane filter, and 
analyzed in the same manner as the material de- 
posited on each stage. Table II shows some of 
the results found. These are conservative figures 
which overestimate the true “wall loss” since 
they include material deposited on the outside 
surfaces of the impactor during sample collee- 
tion, as well as some of the secondary deposition 
from the slides which scraped off as the slide was 
advanced. Nevertheless, the fraction of the ma- 
terial in a sample which ends up on the walls 
instead of on collecting surfaces does not exceed 
30%. While any loss is undesirable and detraets 
from the sampler efficiency as a total collection 


TABLE I 


Impaction Stage Characteristics 


Jet Dimensions 
inches 


square feet 


Jet Cross-Sectional Area | Jet Velocity 


| square centimeters feet/second meters/second 


0.140 K 0.785 765 X 1076 710 X 10-3 21.8 Qc* | 0.235 QO." 
0.060 X 0.785 327 X 10-6 304 X 1073 51.0Q¢ | 0.548 QL 
0.025 K 0.785 136 X 1076 127 X 107% 122 Qc 1.31 QL 
0.010 XK 0.785 54.5 X 10-6 50.6 1073 306 Qc 3.30 QL 


* Qc = Sampling rate in cubic feet/minute 
** 1 = Sampling rate in liters/minute 
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Particle 
Density - 


20 


Stage 
No. 


ILLUSTRATIVE EXAMPLE : 


To find MMD for Stage 2 

at 1Sipm with a BeO aerosol 
(23.0), connect stage & flow 
rate, then extend line from 
density thru intersection at 
reference line to MMD 


Reference 
Line 


MMD 
Micra 


40 


0.2 


Figure 3. Calibration nomogram for HASL cascade impactor. 


device, it does not materially affect its use to ob- 
tain particle size distribution data. The results 
shown in Table II indicate that despite the 
losses, the relative proportions collected on the 
impaction stages, when plotted against the stage 
calibration values, provide a reasonably accurate 
estimate of over-all particle size distribution in 
the dust. 


Use of the Cascade Impactor 


Preparation of Slides 


The slides must be coated with a non-drying 
adhesive layer. The HASL uses Dow Corning 200 
Fluid (Dow Corning Corp., Midland, Michigan) 
with a viscosity of 60,000 centistokes. Several 
drops are placed on the surface of a slide and 
spread into a thin film with the short edge of 
a second glass slide. This provides an efficient 
adhesive coating for collecting the dust and 
sealing the air path. The amount of material 
applied should not be so great as to run under 
the collecting surface when the slide is pressed 
into position. 

The pre-coated slides are placed in the upper- 
most position for collecting the sample and may 
then be moved during the sampling period to 
collect a maximum amount of sample without 


TaBLe II 


Results of Simultaneous Membrane Filter and 
Cascade Impactor Samples 


Membrane filter Cascade Impactor 


Sampling |Median | Ge°- ss* 


Rate-lpm |Particle Median M 


meter 


4.0 

3.4 

3.6 

3.1 3. 
3.6 3.4 


* Mass median diameter calculated by formula of Hatch and 
Choate: log M’g = log Mg + 6.9 log?e. 


overloading the slides. The HASL finds it con- 
venient to pre-score the glass slides at the center 
with a diamond point stylus. After collection 
of the sample, the slides can be readily parted 
to facilitate analysis of the separate stages. The 
parting of the slide may be done either im- 
mediately after collection, or at a later time in 
the laboratory, whichever is most convenient. 
If standard microscope slide holders are used to 
transport the samples, it will probably be most 
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$2.24 


: 


Percent Less Than Stated Size 


Ficure 4. Results of calibration check at a sampling rate of 48 liters/min. The upper 
curve represents size-mass distribution and is obtained by plotting the mass distribution 
data from the cascade impactor stages against stage MMD values derived from Figure 3. 
The lower curve is a particle size distribution plot obtained by direct microscopic sizing of 
simultaneous membrane filter samples. 


Ficure 5. Collecting slides showing the appearance of the deposited material. On the left 
are single trace deposits. On the right, multiple deposits are shown, obtained by using the 
slide movement mechanism. 


convenient to break the slides in the laboratory impactor after every sample collection. The small 
just prior to analysis. amount of material which adheres to the walls 

Unless extremely heavy samples are collected, is not readily re-entrained during a subsequent 
it is usually not necessary to clean the cascade sample collection. 
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Sample Collection 


After the adhesive coated slides and filter are 
placed in position, the cascade impactor is ready 
for sampling. Any convenient suction source 
may be used to move the air, provided it can 
operate at the desired sampling rate. It is im- 
portant that the flow rate be metered accurately 
since the stage calibration values vary with flow 
rate. If an in-line flowmeter, such as a rota- 
meter, is used downstream of the cascade im- 
pactor, a suitable pressure correction must be 
applied to the flowmeter reading. The head loss 
across the impactor will vary with the sampling 
rate and the resistance of the filter used as the 
fifth stage. 

The slides should be advanced as soon as a 
visible deposit can be observed. This will usually 
take no more than two to five minutes, even 
in a relatively clean atmosphere. To advance 
the slides, slowly push the knob in the center 
of the slide movement mechanism until the pawl 
clicks into the second position. Repeat this pro- 
cedure as many times as required to obtain 
the desired quantity of sample up to the maxi- 
mum movement of eight increments. Lift the 
arms of the slide holder until they lock in the 
up position. The slides may be pried up by in- 
serting the point of a pocket knife or pair of 
tweezers into the recess cut into the center of 
the bearing surface on each side. Lift the slides 
away carefully to avoid smearing the deposited 
dust and place them in the slide holders for 
transport to the analytical laboratory. 


Cleaning 


When Dow Corning 200 Fluid is used as an 
adhesive on the slides, the impactor should be 
washed with a suitable solvent such as benzol or 
one of its homologs. It should then be rinsed with 
clean solvent from a wash bottle and air dried. 
If any material remains, it can usually be re- 
moved by washing with a detergent solution, 
using a small brush in the recesses. This treat- 
ment should suffice since all surfaces are visible 
and accessible. 


Summary and Conclusions 


A cascade impactor designed for efficient field 
survey sampling has been described. It has been 
found suitable for the rough estimation of par- 
ticle size distribution of airborne materials com- 
monly encountered in industry. By appropriate 


TaBLeE III 
Secondary Deposition on Slides 


Per cent of Particles} Per cent of Mass* 
No. of | 
Tests 


Stage 
Number 


Max. 


Min. |Average| Max. Min. |Average 


13 
18 
12 

8 


* Calculated from particle size data by formula: 


Nrd — 


where N 7 = total number of particles — primary and secondary, 
Ns = total number of particles, secondary. 


choice of sampling flow rate and the use of the 
manual slide movement mechanism, it is possible 
to collect samples which will provide reliable 
particle size estimates under almost all operating 
conditions. Because of the relatively small size 
of the instrument and the ease of sample han- 
dling, large numbers of samples can be taken 
in a reasonably short period of time. 

A generalized calibration is presented for 
analysis of collected samples. It is applicable to 
dusts of any density whose shape is relatively 
regular. It is anticipated that with the availa- 
bility of this instrument, much more size in- 
formation will be collected in future operations 
of the Health and Safety Laboratory. 
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The Toxicity of Vinyl Chloride as Determined 
by Repeated Exposure of Laboratory 
Animals 


T. R. TORKELSON, M.S., F. OYEN, and V. K. ROWE, M.S. 


Biochemical Research Laboratory, The Dow Chemical Company, Midland, Michigan 


Groups of laboratory animals were exposed repeatedly for up to six months to either 
500, 200, 100 or 50 ppm vinyl chloride in air. Detectable changes occurred at all but 
the lowest concentration. The results are discussed and handling precautions suggested. 


Introduction 


INYL chloride (CH.=—CHCIl) is a chemical 

of great industrial importance. It is used in 
the preparation of polyvinyl chloride resin, as 
a copolymer in saran and other plastics, as a 
chemical intermediate and as a solvent. Be- 
cause of the flammability of vinyl chloride, it has 
been generally assumed that the greatest hazard 
associated with vinyl chloride is that due to its 
flammability rather than its toxicity.’ 

The toxicity of vinyl chloride has been re- 
viewed by von Oettingen* and more recently by 
Mastromatteo et al’ von Oettingen concluded 
that the gas was anesthetic in high concentra- 
tions and that considerable interest had been 
shown in the use of vinyl chloride as a surgical 
anesthetic. However, its effect on the circulatory 
system has discouraged exploitation of this prop- 
erty. No doubt the hazard from flammability has 
also hindered this use. Only limited repeated 
exposures which were reported by Schaumann‘ 
were discussed by von Oettingen. These repeated 
exposures indicated little or no chronic effects 
even from anesthetic concentrations. 

Mastromatteo et al? also discussed the pub- 
lished data and reported the results of single 
exposures of mice, rats and guinea pigs which 
confirmed the low acute toxicity of vinyl 
chloride. Mastromatteo reported that only two 
human fatalities due to vinyl chloride had been 
reported. 

It can be concluded from the published toxi- 
cological data that anesthesia is the only sig- 
nificant effect of acute exposure. Sufficient re- 
peated exposures have not been reported to 
draw conclusions about chronic toxicity. The 
Threshold Limit Value of 500 ppm suggested by 
the American Conference of Governmental In- 
dustrial Hygienists (ACGIH)* is reported by 
Smyth* to be based on single animal exposures 
and human experience. 


The following report summarizes the results 
of repeated exposures of laboratory animals to 
either 500, 200, 100 or 50 ppm of vinyl chloride. 
The significance of the results is discussed and 
recommendations for a threshold limit value are 
made. 


Experimental Procedures 


Materials Tested 


Vinyl chloride, CH.—CHCI, is a colorless gas, 
It has a boiling point of —13.35°C (+7.93°F) 
and a freezing point of —154°C (—244.82°F). 
The material polymerizes readily and hence is 
sometimes inhibited with phenol or tertiary 
butyleatechol. Vinyl chloride is very flammable, 
its flashpoint being —78°C (—108°F). The ex- 
plosive limits are from 4% to 22% by volume. 
It has little odor although high concentrations 
may smell faintly sweet. 

A single, uninhibited sample was used in these 
studies. It was shown by mass spectrographie 
analysis to be essentially pure CH.—CHCI, air 
being the only impurity detected in gas phase 
samples. 


Source and Feeding of Animals 


The rats and rabbits used in this study were 
obtained from the stock colony of this labora- 
tory, the guinea pigs were obtained from 4 
commercial grower’ and the dogs were purebred 
beagles obtained from a local kennel. The rats 
and dogs were fed Purina Laboratory Chow 
or Famo Laboratory Ration.’ The rabbits and 
guinea pigs received Famo Rabbit Breeder 
Ration. The guinea pig diet was supplemented 
with carrots. 


Experimental Protocol 


The experiments were conducted in_ three 
phases. In the first phase, groups of 10 male 
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and 10 female rats were exposed seven hours per 
day five days per week to 500 ppm lor 45 
months. Exposures were given in a 160-liter 
chamber previously described.” Mortality and 
srowth records were kept. Final organ weights 
were obtained and tissues were saved for micro- 
scopic examination. Five male and five female 
rats served as unexposed controls. 
The second phase consisted of repeated 7- 
hour daily exposures of 20-24 male and 24 fe- 
male rats, ten male and eight female guinea pigs, 
three male and three female rabbits and one 
male and one female dog to either 200 ppm 
or 100 ppm of vinyl chloride. These animals and 
two groups of controls were carefully selected 
and matched on the basis of age, condition and 
weight. The first group of controls received 
no exposure and served as unexposed controls. 
The second group received repeated daily 7- 
hour exposures to room air in a chamber similar 
to the one used for exposures to the chemical. 
This group is referred to as the air-exposed con- 
trol group. In addition to the animals receiving 
7-hour daily exposures, eight separate groups of 
five male rats each were exposed to either 200 
or 100 ppm for 4, 2, 1 or 0.5 hours per day. 
The procedures and equpiment used were bas- 
ically the same as reported previously.” Growth 
and mortality records were kept on all groups. 
The livers of the dogs were biopsied prior to ex- 
posure and after 3 months of exposure, hence 
the liver of each dog served as its own control. 
Pre-exposure and terminal hematological deter- 
minations were made on all dogs and terminal 
determinations on representative groups of rats. 
Urine samples were collected from the dogs and 
representative groups of rats. At the termination 
of the experiment, part of the rats were starved 
overnight and then these and all the guinea pigs 
and rabbits were killed by decapitation on the 
day after their last exposure. The dogs were 
killed by exsanguination after anesthesia with 
thiopental, sodium (Pentothal, Abbott). Samples 
of blood were taken of representative groups of 
animals for determination of alkaline phospha- 
tase, serum-urea-nitrogen (SUN), serum-glu- 
tamic-pyruvic-transaminase (SGPT), and _ se- 
rum-glutamic-oxalacetic-transaminase (SGOT). 
The organs were weighed and tissues fixed for 
histopathological examination. The rats which 
were not killed the day after exposures were 
stopped were pastured for eight weeks and then 
sacrificed in the previously described manner. 
The third phase of this experiment consisted 
of repeated daily 7-hour exposures of 24 male 
and 24 female rats, 12 male and 12 female guinea 
pigs, 3 male and 3 female rabbits and one male 


and one female dog to 50 ppm vinyl chloride. 
Equal matched groups served as unexposed and 
air-exposed controls. Three additional groups of 
10 male rats each were exposed for 4, 2 or 1 hour 
per day to 50 ppm. 

The procedures followed were essentially the 
same as used for exposures to 200 and 100 ppm 
except that hematological examinations were 
made on the dogs after three months and liver 
biopsies were made only prior to exposure. Urine 
was collected from the rabbits as well as the rats 
and dogs. The rats which were not sacrificed at 
the end of the exposures were pastured for six 
weeks and then sacrificed. 


Equipment Used 


The exposure equipment used has been de- 
scribed previously." However, in order to gain 
additional data about the results of repeated 
short daily exposures, it was necessary to devise 
a method of introducing additional groups of 
rats. This was done without opening the doors 
of the chamber by dropping the rats through 
chutes made of 3.25-inch stainless steel tubing. 
These chutes were closed with a rubber stopper 
except during the brief time it took to insert the 
rats. The chutes, which were sloped at a 45° an- 
gle, ended in covered, screened cages inside the 
chamber. The additional groups were started 3, 
5, 6 and 6.5 hours after the 7-hour exposures 
started. Since all animals were removed after the 
7-hour exposure was completed, this routine re- 
sulted in exposures lasting 4, 2, 1 or 0.5 hours. 

The vinyl chloride was metered from a saran 
plastic bag which served as a reservoir for the 
gas. Metering of the gas was done by Dual 
Syringe Pumps.” Total air flow through the 
chambers was measured by means of calibrated 
flow meters. 


Analysis of the Chamber Atmospheres 


Analyses of the air were made by direct com- 
bustion of a known volume of air in a heated 
quartz tube. The resulting chloride was trapped 
in 1% sodium formate—1% sodium carbonate 
solution and subsequently titrated by a micro- 
Volhard technique. The results of the individual 
analyses were within 15% of the theoretical con- 
centrations during the exposures to 200, 100 and 
50 ppm. The average concentrations recovered 
were 197, 100.5 and 48.7 ppm respectively. 


Results of Repeated Exposures 


Exposure to 500 ppm Vinyl Chloride 


The rats exposed repeatedly at 500 ppm for 
4.5 months, grew normally and no changes were 
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TABLE I 


Summary of Terminal Average Body and Organ Weights of Male Rats Receiving Repeated Exposure 
to Vinyl Chloride 5 Days per Week 


| Duration 
of Daily Ratio of 
Exposure, | Survival 
hours 


Months on 


Concentration in ppm Exposure 


| Final Aver- 
| age Body | 


Organ Weights, g/100 g Body Weight 


Weight, | 
Heart Liver | Kidney | Spleen | Testes 


g Lung 


Unexposed control 
500 

Unexposed control 

Air exposed control 


200 
200 
200 
200 
200 
100 
100 
100 
100 
100 


o 
nw 


HAA 
ooo 


Unexposed* control 


i=) 


Air exposed* control. 


200* 
100* 


| 0.54 0.33 2.52 ; 0.15 | 


0.56 
0.53 
0.52 


0.52 
0.47 
0.56 
0.48 
0.51 
0.51 
0.51 
0.53 
0.49 
0.45 


* Pastured for 8 weeks after exposures ceased. 
(a) P= 0.001 

(b) P <0.001 

(c) P 0.07 

(d) P 0.1 

(e) P 0.02 

(ff) P= 0.13 


apparent grossly at autopsy. Microscopically 
their livers showed increased central lobular 
granular degeneration and the kidneys showed 
interstitial and tubular changes. The average 
weight increase of the livers of the male rats was 
statistically significant (P = 0.001), Table I. The 
average weight of the livers of the female rats 
was above that of the controls but not statis- 
tically significant, Table II. SUN, SGPT, S- 
GOT, and alkaline phosphatase determinations 
were within normal limits (Table ITI). 


Exposure to 200 ppm Vinyl Chloride 


All groups exposed seven hours per day 138- 
144 times in 204 days were normal in appearance, 
mortality and growth. Hematological, SUN, S- 
GOT, SGPT and alkaline phosphatase values 
(Table III) and the results of the urinalysis 
were within normal limits. Gross pathology 
was normal in all species. Micropathology was 
normal in the rats, guinea pigs and dogs, how- 
ever, adverse effects were noted in the livers of 


rabbits of both sexes. In the male rabbits this 
was characterized by central lobular granular de- 
generation and necrosis with some foamy vacuo- 
lation. In the female rabbits the changes noted 
were central lobular granular degeneration and 
necrosis with periportal cellular infiltration. All 
organ weights were normal except for the livers 
of the male and female rats which were in- 
creased significantly after repeated daily 7- 
hour exposures (Tables I, II, IV, V, VI, and 
VII). In the males this increase was still appar- 
ent eight weeks after exposure ceased, although 
the liver weights appeared to be decreasing and 
returning to normal. 

The male rats exposed to 200 ppm of vinyl 
chloride for either four or two hours per day for 
six months had elevated average liver weights 
(Table I). However, the small size of the ex 
perimental groups made the finding statistically 
insignificant (P = 0.07 and 0.1). The groups ex 
posed for either 1 or 0.5 hours per day were el 
tirely normal. 
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TaBLeE II 
Summary of Average Body and Organ Weights of 
Female Rats Receiving Repeated 7-Hour Ex- 
posures to Vinyl Chloride 5 Days per Week 


Organ Weights, 
g/100 g Body 
Weight 


Body Weight, 


Exposure 
4 


in ppm 


Concentration | 
Survival 


Months on 
Final Average 
Spleen | 


| Ratio of 
Kidney} 


Unexposed con- 
trol .82/0.41 


500 .68|0.38) 3.22% 


Unexposed con- 
trol 


Air exposed 
control 


200 
100 


Unexposed* 
control 


Air exposed* 
control 


200* 
100* 


Unexposed con- 
trol 


Air exposed | 
control 5 2/12 .59/0.38 


50 


Unexposed** 
control -66/0.40) 2. 


Air exposed | 
control** 


| 9/12 


0.63\0.40) 3.01 


| 
| 


0.87 
50** 6 11/12 0.63/0.38| 2.83 | 0.824/0.20 
' 


* Pastured for 8 weeks after exposures ceased. 
** Pastured for 6 weeks after exposures ceased. 
(a) P = 0.17 
(b) P = 0.03 
(c) P = 0.01 
(d) P = 0.05 


Exposure to 100 ppm Vinyl Chloride 


All species exposed to 100 ppm of vinyl chlo- 
ride, seven hours per day, 138-144 times in 204 
days, were judged normal on the basis of the fol- 
lowing criteria: appearance, mortality, growth, 
hematological examination, SUN, SGOT, S- 
GPT, alkaline phosphatase determination, uri- 
nalysis and gross and microscopic examination of 
ussue. However, slight increases were found in 


the average weights of the livers of male and fe- 
male rats (Tables I and II). Although not sig- 
nificant statistically, an increase was also seen 
in the average weight of the livers of the male 
rats exposed to 100 ppm for either four or two 
hours per day. The groups exposed for either 
1.0 or 0.5 hour per day were entirely normal. 


Exposures to 50 ppm Vinyl Chloride 


The increase in weight of the rat livers, the 
only significant finding in animals exposed to 100 
ppm, did not occur in rats exposed repeatedly to 
50 ppm of vinyl chloride, 130 times in 189 days. 
All groups of animals were judged normal in all 
other respects. See Tables II, V, VI, VII, VIII 
and IX. A statistically significant decrease in 
kidney weight which was seen in the female rats 
(Table II) was considered to be an artifact since 
it was not seen at higher concentrations. 


Discussion 


Repeated exposure to vinyl chloride at con- 
centrations considerably below the level that has 
been considered safe for human exposure has 
been shown to have an effect on the liver and 
kidney of laboratory animals. Histopathological 
changes and increased liver weights in male and 
female rats were noted after repeated exposure 
at 500 ppm. Repeated exposure at 200 ppm for 
six months resulted in an increase in the average 
weight of the livers of male and female rats and 
micropathological changes in the livers of the 
male and female rabbits. The only effect noted 
after repeated daily 7-hour exposures to 100 ppm 
for six months was a slight increase in the aver- 
age weight of the rat livers. Repeated 7-hour 
exposures to 50 ppm for six months had no effect 
on any species studied. Hence, the highest con- 
centration without detectable effect on any spe- 
cies was 50 ppm. 

It is interesting to speculate on the apparent 
discrepancy between the effects observed at 100 
ppm in this experiment and the lack of reported 
injury in humans using a threshold limit of 500 
ppm. Several factors may be contributory. First, 
the effects noted in animals at 500 ppm were only 
slight to moderate; growth, mortality, and gen- 
eral appearance were unaffected. Hence, it is 
possible that if humans were exposed repeatedly 
at 500 ppm slight injury might occur but due to 
the lack of subjective symptoms the injury 
would escape detection. Secondly, the injury was 
apparently reversible. The liver weights of both 
male and female rats which had shown definite 
increases after exposures at 200 and 100 ppm 
were normal or approaching normal after 6-8 
weeks of recovery (Tables I, II and VIII). 
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Summary of Average Biochemical Values Determined for Animals Receiving Repeated Exposures to 
Vinyl Chloride 5 Days per Week 


Alkaline 
Phos- | Blood | SGPT 
Of Daily Number | phatase Urea 
King- Nitrogen, 
Animals Arm- mg/100 
strong ml Sigma-Frankel 
Units nit 


Species and Dog No. Sex Concentration in ppm Exposure 


Dog #101 Y Unexposed control 
#113 Air exposed control 
#41 200 
#98 100 


#106 Unexposed control 
#107 Air exposed control 
#103 200 
#110 100 


Unexposed control 
500 
200 
200 
200 
100 
100 
100 


ore 


Unexposed control 
500 
200 
100 


Rabbit ) Control 
200 
100 


Rabbit 2 Control 
200 
100 4. 


* Because of two unusually high individual values in this group these average values are elevated and do not correspond with the 


values obtained on similar control groups in our laboratory. Normal control values are in the same ranges as those of the experimental 
groups listed in this table. 


TABLE IV 


Summary of Average Hematological Values for Animals Receiving 


Months 
Hemo- 


Species or Dog # Sex Concentration in ppm), globin 3 
Experi- 2/100 g tocrit 10 phils 


Lym- 
pho- 
cytes 


Mono- |Eosino- 
cytes phils 
ment 


Air exposed control 

200 
Air exposed control 

Rat 200 
Dog J Unexposed control 


Dog J Unexposed control 
Dog } Air exposed control 
Dog J Air exposed control 
Dog I 200 
Dog 3 200 
Dog } 100 
Dog ! 100 
Dog Unexposed control 


mw 


ww 


Dog Unexposed control 


= 


Dog Air exposed control 
Dog : Air exposed control 
Dog 200 
Dog 200 
Dog 100 
Dog 2 100 


wo 


own 


& 
cow 


| 


| 
Si 
Months 
0 0 1 12.2 24 18 43 
6 7 1 4.1 19 19 17 
6 7 1 8.6 11 18 48 
6 7 1 4.5 16 21 19 5 
Dog 0 0 1 5.1 11 10 26 \ 
6 7 1 20 14 17 
6 7 1 5.6 10 10 4 ; 
) 
Rat M 0 0 32.9* 20.6* 30 \ 
4.5 7 18.9 13.8 35 y 
6 7 17.7 16.2 36 
6 4 18.4 16.2 32 y 
6 1 20.2 17.7 42 
6 7 19.4 15.0 27 , 
6 4 14.7 16.3 36 F 
6 1 19.0 15.3 30 
F 
Rat.. F 0 0 4 12.1 20.5 38 
6 7 5 13.6 22.2 21 F 
6 7 6 9.5 22.8 23 F 
6 0 5 4.0 25 36 F 
6 7 3 5.3 21 23 
9 33 38 : 
: 0 26 35 
Repeated 7-Hour Exposures to Vinyl Chloride 
6 26.5 1.5 0.8 \ 
6 19 0.2 3 
6 24.8 1.0 4 v 
0 M 
6 0 3 
0 5 il M 
6 4 4 
0 3 13 M 
6 2 1 F 
0 4 4 
6 0 0 
0 F 
6 F 
0 F 
6 
0 44 48 F 
6 46 51 
0 61 37 F 
6 49 50 is) 
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TABLE V TaBLe VII 
Summary of Terminal Average Body and Organ Summary of Final Body and Organ Weights of 
Weights of Guinea Pigs Receiving Repeated Dogs Receiving Repeated Daily 7-Hour Ex- 
Daily 7-Hour Exposures to Vinyl Chloride 5 posures to Vinyl Chloride 5 Days per Week for 
Days per Week for 6 Months 6 Months 


Organ Weights, g/100 g 
7 ‘Body Weight Organ Weights, g/100 g 


Body Weight 


Body Weight 


Concentration 
in ppm 
Survival 


Final Average 


Kidney 
Spleen 

Dog. No. 


Ratio of 
Concentration 


Kidney 


nexposed 8/10} 927 .6 3.32 .70'0.16 0.48 
control 
Air exposed; 5/10) 1030 .28) 3.36 (0.61/0.1010. 
control 
200 7/10) 1044 3. 
100 7/10; 1089 + 2. 
Unexposed 8/12) 918 -29) 3.3 
control 
Air exposed | 11/12) 936 3.3 -64)0.12/0.50 
control 
50 10/12) 1001 26) 3. .61/0.12/0.48 
Unexposed 6/8 899 27) 3. .63)0.12 
control 


Unexposed 3.0 0.66 0.62 2.46 0.38 0.32.0.15 
control 
Air exposed .5 (0.68 0.77 2.63,0.47/0.19 0. 
control 
200 ~ .03 0.96 2.50 0.52 0.25 0.1: 
100 2. -86 0.80 2.50.0.42'0.26 0 
Unexposed 3.3 0.80 0.75 2.69/0.53 0.230. 
control 
Air exposed .6 0.77 0.87 3.05,0.45,0.36.0. 
control 
50 9.6 0.12 
Unexposed 9.6 0.71 0.68 2.67'0.43'0.21 
control 
Air exposed ‘ -77 0.80 3.15,0.43'0.33 
control 
200 -78'0.7 -88)0.45 0.28 
100 .99 0.78 2.14.0.43)0.3 
Unexposed 8.6 0.99 0.824.100.4500. 
control 
Air exposed .3 0.70 0.84 3.31.0.40)0. 2: 
control 
50 .87 0.76 2.48:0.47 0.3% 


Air exposed | 867 : 3.28 |0.67/0. 
control 
200 897 3. .66.0.12 
100 / 949 3. -640.1: 
Unexposed 9/12} 728 .78 |0.34) 3. 69/0. 
control 
Air exposed 2) 884 .65 (0.26 3. 65/0. 
control 
50 906 -64)0. 


(a) P = 0.05 
(b) P = 0.24 
(c) P = 0.23 Paste VIII 


Tame VI Summary of Terminal Average Body and Organ 

Summary of Terminal Average Body and Organ Weights of Male 
Weights of Rabbits Receiving Repeated Daily posures to Vinyl ( hloride " Days per Week 
7-Hour Exposures to Vinyl Chloride 5 Days per 
Week for 6 Months 


Organ Weights, g/100g 
Body Weight 


ght, 


Organ Weights, g/100 g 
Body Weight 


Exposure, hours 


Exposure 
| Durationof Daily 


Body Wei 


Concentration in 
onths on 


Body Weight, 

kg 

| M 

Ratio of Survival 
Final Average 

| Kidney 

Spleen 


Concentration 
Final Average 


Ratio of 
Spleen 


Liver 
| Kidney 


Unexposed 


2.67/0.75,0.18 0.98 


| 
| 
| 
| 


control 
Air exposed 6 2/12; 347 (0.51/0.32)2. -70 0.16 0.81 
control 


Unexposed 3/3 | 3.61 0.39 .0.21)2.27/0.43 0.03 0.16 


Air exposed 3. 0.310.18)2 
control 50 9/19) 22 - 
50 ¢ 348 0.47 .0.32!2.51/0.73 10.170. 
control 
Unexposed* | 6336 0.16 0.85 
control 


Air exposed 3 | 3. 0.37 0.18 3.18)0.53 
control 
50 3/3 | 3. 0.47.0 
Unexposed 3/3 0.31/0.17 2.22/0.400 
Air exposed | 3/3 3. 0.30 
control 
200 9 0.3210. 16:2. 260.4210. * Pastured for 6 weeks after exposures ceased. 
Unexposed 3/3 | 4.31 |0.30.0.17\1.94/0.4610 lhirdly, it is doubtful whether it would be possi- 
control ble for humans to be exposed continuously at 500 
2/3 | 3.95 ppm in production plants since this high a gen- 
0.3210.17/2.4910.3810. eral concentration would indicate severe leaks in 
the equipment and extremely high concentrations 


Air exposed* 6 2/12, 370 -58 0.30 2.42 0.64 0.14 0.75 
control 
50° 5 12/12 360 0. .33)2. .68 0.15.0 


$59 
M M101 
M M | 113 
M M 111 
M M 98 
M M | 152 
M M | 156 
M M 162 
F F 106 
F F | 107 
F : F | 103 
F F 110 
F F | 151 
F | 185 
F | 161 
the 
no- 
ils 
= : 8/8) 319 0.50 0. 
M 
).8 M 
5 M 
M 
M 
3 
l M 
4 
3 M 
4 F 
0 
4 F 
F 
7 
5 
3 
0 F 
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TaBLeE IX 
Summary of Average Hematological Values for Dogs Receiving Repeated 7-Hour 


Exposures to Vinyl Chloride 


|Months 
Dog # Concentration in ppm | 


ment 


on No. of 
| Experi- | Animals} 


| Hema- |WBX X Neutro- 


t Eosino- 
tocrit 103 phils 


phils 


| 
| 


#152... 
#152 
#152 
#156 
# 156 
#156 
# 162 
#162 
# 162 
#151 
#151 
#151 
#155 
#155 
#155. 
#161 
#161 
#161 


Dog Unexposed control 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Dog 


Unexposed control 
Unexposed control 
Air exposed control 
Air exposed control | 
Air exposed control | 

50 

50 

50 
Unexposed control 
Unexposed control 
Unexposed control 
Air exposed control 
Air exposed control 
Air exposed control 


adjacent to the leaks. The flammability of vinyl 
chloride precludes such severe leaks if this haz- 
ard of vinyl chloride is to be controlled. 


Industrial Hygiene Standard 


The data presented indicate that little like- 
lihood of injury would be expected if repeated 
daily 7- to 8-hour exposures are limited to 100 
ppm or less. 

Although the level of 100 ppm may not ap- 
pear to offer any margin of safety since rats ex- 
posed repeatedly to this level were very slightly 
affected, the vast amount of human experience 
that is available while operating under an MAC 
of 500 ppm indicates that injury is not likely. 
Likewise the effects of even rather severe over- 
exposure are not serious, hence this level seems 
reasonable. 

A time-weighted average for all exposure 
should probably not exceed 50 ppm. 


Summary 


Vinyl chloride (CH.—CHCl) is a monomer 
used in very large quantities in the production of 
plastics. Repeated exposures of laboratory ani- 
mals to several concentrations of vinyl chloride 
in air were conducted to determine the chronic 
toxicity of this material towards animals in or- 
der to assess the hazard to humans. Vinyl chlo- 
ride was found to have a slight capacity to cause 
liver and kidney injury on repeated exposures. 
Male and female rats showed micropathological 
changes after repeated daily 7-hour exposures at 


| 


500 ppm for 4.5 months. Repeated 7-hour ex- 
posures at 200 ppm for six months resulted in 
micropathological changes in the livers of rab- 
bits and statistically significant increases in the 
average weight of the livers of male and female 
rats but no detectable changes in dogs and 
guinea pigs. Repeated 7-hour exposures at 100 
ppm resulted in slight increases in the average 
weight of rat livers, the other species were not 
affected. All species studied tolerated repeated 
daily 7-hour exposures to 50 ppm for six months 
with no detectable injury. 

Repeated daily 1-hour exposures at 200 and 
100 ppm of vinyl chloride were without effect, 
longer exposures caused a slight increase in liver 
weight. 

The standard for evaluating regular daily 7- 
to 8-hour exposures may be defined as the con- 
centration below which practically all analytical 
results must fall. The value of 100 ppm is sug- 
gested as this standard for vinyl chloride, with 
a time-weighted average for all exposures not to 
exceed 50 ppm. 
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INDUSTRIAL HyGIENE CERTIFICATION 


HE AMERICAN BOARD OF INDUSTRIAL HYGIENE invites inquiries from 

those who are interested in applying for voluntary certification in the profession 
of industrial hygiene. Certificates will be issued on the basis of an examination to 
those who have eight years of practice, following a suitable baccalaureate degree. No 
examination will be required of those who have fifteen years of practice with recognized 
contributions to the field, following acceptable education. Certain specialists within 
the field will be certified when one-fourth of their time has consistently been devoted 
to application of their specialty to industrial hygiene. A brochure describing the 
certification program, and giving more details of eligibility will be sent to those who 
direct inquiries to Henry F. Smyth, Jr., Secretary-Treasurer, American Board of 
Industrial Hygiene, 4400 Fifth Avenue, Pittsburgh 13, Pennsylvania. 

The Board was chartered as a non-profit corporation under the laws of the Common- 
wealth of Pennsylvania in September 1960. The incorporators were selected by the 
American Conference of Governmental Industrial Hygienists and the American In- 
dustrial Hygiene Association from among their respective memberships. They are 
John C. Soet, Chairman; Lester V. Cralley, Ph.D., Vice-Chairman; Henry F. Smyth, 
Jr., Ph.D., Secretary-Treasurer; and Edgar C. Barnes, William R. Bradley, Allan L. 
Coleman, Hervey B. Elkins, Ph.D., Louis F. Garber, Thomas F. Mancuso, M.D., 
Kenneth M. Morse, James H. Sterner, M.D., and Charles D. Yaffe. 


INDUSTRIAL HYGIENE ENGINEERING AND CHEMISTRY 


HE DIVISION OF OCCUPATIONAL HEALTH, Public Health Service, will 

conduct two simultaneous courses January 8-19, 1962, at the Occupational Health 
Research and Training Facility, Cincinnati, Ohio. “Industrial Hygiene Engineering” is 
designed for industrial hygienists and engineers in the field of occupational health who 
have a degree in engineering or in the physical sciences. “Industrial Hygiene Chem- 
istry” is designed for chemists in this field who have a degree in chemistry or chemical 
engineering, or in the physical sciences with a minor in chemistry. During the first 
week, trainees for both courses meet together for instruction in industrial hygiene and 
medicine, toxicology, and principles pertaining to evaluation of the environment. For 
the hygienists, the second week’s work covers temperature and humidity measure- 
ments, illumination, noise measurement and control, and industrial ventilation; for 
the chemists, laboratory analyses for lead, free silica, and solvents, and spectroscopy, 
polarography, x-ray diffraction, electron microscopy, and gas chromatography. Much 
time in both courses is spent in the laboratory. 

It should be noted that applications for the course or requests for information 
should be addressed to the Chief, Training Program, Robert A. Taft Sanitary En- 
gineering Center, 4676 Columbia Parkway, Cincinnati 26, Ohio, or to a DHEW 
Regional Office Director. 
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The Measurement of Phenol in Urine As An 
Index of Benzene Exposure 


JANET E. WALKLEY, M.S., LEONARD D. PAGNOTTO, A.B., 
and HERVEY B. ELKINS, Ph.D. 


Division of Occupational Hygiene, Massac 


husetts Department of Labor and Industries, 


Boston, Massachusetts 


The measurement of phenol as a metabolic product of benzene was investigated in 
relation to its usefulness in evaluating exposures to benzene. Phenol was distilled from 


the urine and determined colorimetrically 
phenol content of normal urine is 30 mg, 


’ by a p-nitroaniline procedure. The average 


liter as determined by this method. Concen- 


trations of phenol found in the urine of workers exposed to benzene and benzene- 
containing solvents were correlated with benzene concentrations in the air of the work- 
rooms. A urinary phenol value of about 200 mg/liter was found for workers exposed 
to an average of 25 ppm of benzene in air. 


N ESTIMATING exposure to industrial poi- 

sons, air samples are commonly used for de- 
termining general or local concentrations in the 
workroom. Since operations may be intermittent, 
and personnel may rotate on various jobs, it is 
sometimes difficult to evaluate the exposure of 
an individual or group of workers by means of 
air tests or clinical examinations. For certain 
industrial processes, it is possible to resort to 
measurement of excreted metabolites of the ma- 
terial to which the worker is exposed. In this 
country it has been the practice to estimate ex- 
posure to benzene by means of the urine sulfate 
ratio test originally proposed by Yant et al.’ It 
is the purpose of this paper to present an alter- 
nate test which has been found preferable from 
the point of view of sensitivity and specificity. 


Background 


The commonly used urine sulfate ratio test is 
based on the premise that benzene is partially 
metabolized to organic derivatives conjugated 
with sulfate radicals. As these so-called “ethereal 
sulfates” increase due to exposure to benzene, 
there is a corresponding decrease in the ratio of 
inorganic to total sulfates. According to Elkins* 
the following interpretation may be applied: 


Extent of 


Ratio of Inorganic to Total Sulfate 4 : 
Benzene Exposure 


Above 80% 
70-80% 
30-70% 
Below 30° 


None 

Mild 
Unsafe 
Dangerous 


In 1916 Brewer and Weiskotten* demonstrated 
that benzene was partially excreted as phenol 
conjugates. According to Porteous and Williams’ 
the probable sequence of the metabolism of ben- 
zene is as follows: 


Benzene > Phenol > Catechol > Hydroxyquinol 


Studies by Parke and Williams® using tagged 
benzene indicated that about 23% of an oral dose 
of benzene in rabbits is excreted as conjugated 
phenol, and that other phenols excreted are 
quinol (4.8%), catechol (2.2%) and _ hydroxy- 
quinol (0.3%). The same authors later reported’ 
that 6 to 8% of an oral dose is excreted within 
48 hours as phenylglucuronide and 11 to 14% 
as phenylsulfurie acid. Deichmann and Thomas’ 
attempted to apply the determination of glu- 
curonic acid in urine as a measure of the absorp- 
tion of various organic compounds, but this test 
was not specifie or particularly sensitive to ben- 
zene. 

Recently Teisinger and Fiserova-Bergerova’ 
proposed the determination of phenols in urine 
as a sensitive test for human exposure to ben- 
zene. By this method the phenol present as both 
glucuronate and sulfate is determined. The au- 
thors state that according to their experience aD 
average of 30% of absorbed benzene is excreted 
in the form of phenol. They believe that an in- 
dividual value of less than 40 mg of phenol per 
24 hours indicates exposure to less than 25 parts 
per million of benzene, and that an average col- 
lective value of 100 mg per 24 hours indicates 


This work was supported by the U. 8. Department of 
Health, Education and Welfare through Public Health Service 
Research Grant 5503. 
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that air concentrations are close to 25 ppm. Up 
to a phenol level of 288 mg/liter they found a 
jnear relationship with organic sulfates, but 
above this level phenol increases while the or- 
sanie sulfate remains constant. Their findings 
are based on data from humans exposed in cham- 
ber studies and in the field. 


Normal Values 


The apparent phenol content of normal urine 
depends to some extent on the method of prepa- 
ration and analysis of samples. In the investiga- 
tion mentioned above, Teisinger and Fiserova- 
Bergerova’ found an average of 8.2 mg of total 
phenol per day using the method proposed by 
Gibbs” By the same method Porteus and Wil- 
liams' in this country reported 5 to 10 mg per 
liter. Deichmann and Schafer” using diazotized 
p-nitroaniline as proposed by Theis and Bene- 
dict" found values for total phenol ranging from 
11 to 42 mg per day, with an average of 25. A 
modification of this method is the one adopted in 
our laboratory, where a range of 15 to 50 milli- 
grams per liter was found, with an average of 30. 
Our values have been adjusted to a mean specific 
gravity of 1.024. 

Subsequent measurements on unexposed indi- 
viduals showed occasional higher values. One 
person who had been taking analgesics regularly 
had consistent phenol levels of 100 to 200 mg/ 
liter. Ingestion of phenacetin, caffeine, and sac- 
charin by other subjects failed to give compara- 
ble results. While levels as high as 100 mg/liter 
appeared in some cases, there was no significant 
change in others. 


Analytical Method 


Several methods of sample preparation and 
analysis were investigated before the final one 
was adopted. Following the methods referred to 
by Deichmann and Schafer” attempts were made 
to separate phenol by solvent extraction as well 
as by precipitation of interferences, but it be- 
came obvious that neither method was satisfac- 
tory without further separation. It was found 
that phenol was recovered quantitatively by 
steam distillation and that a minimum of inter- 
ferences was carried over by this method. The 
Wo most promising analytical methods appeared 
to be those of Gibbs’ using 2, 6-dichloroquinone- 
chloroimide and Theis and Benedict" using di- 
azotized p-nitroaniline. Although the method of 
Gibbs gives slightly lower results and appears to 
be somewhat more specific for phenol, it proved 
to be critical in regard to pH adjustment as well 
as time of color development. It was found that 
the method of Theis and Benedict as modified is 
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much better suited to routine determination of 
phenol in a large number of samples, since it 
does not require a careful pH adjustment, color 
may be compared almost immediately, and re- 
producibility is excellent even in the hands of 
inexperienced personnel. The method which fol- 
lows is that used in our laboratory to obtain 
the data presented in the latter part of this 
paper. 

The sample may consist of a single voiding 
collected at the end of the working day. Specific 
gravity must be obtained in order to adjust final 
results to a mean of 1.024. If impractical to ana- 
lyze samples immediately, they may be pre- 
served by refrigeration over long periods of time. 
For analysis a 10 ml aliquot is pipetted directly 
into the flask of an all-glass apparatus equipped 
for steam distillation. Four ml of 1:1 H.SO, is 
added, and the sides of the flask are washed down 
with approximately 5 ml of distilled water. The 
apparatus is connected and steam generation be- 
gun. When steam starts to bubble through the 
sample, a low flame may be placed under the 
sample flask to maintain sufficient temperature 
for distillation without appreciable change in 
volume. Care must be taken that the sample 
does not become overheated to the point of dry- 
ness. The distillate is collected in a graduated 
cylinder to a total volume of 100 ml, then trans- 
ferred to a bottle or flask for mixing and storage 
if necessary. A 10 ml aliquot is transferred to a 
25 ml glass stoppered graduate for phenol de- 
termination. One ml of 50% sodium acetate is 
added followed by one ml of p-nitroaniline re- 
agent. After exactly one minute, 2 ml of 20% 
sodium carbonate is added, and the total volume 
made up to 20 ml. After three minutes the color 
is compared with a blank at 525 my or with a 
suitable filter. When a 10 ml aliquot is used, the 
result in micrograms is equivalent to milligrams 
per liter of urine. Standards should be made up 
using 0-100 pg of phenol. Sensitivity is about 
4 »g or 4 milligrams of phenol per liter of urine 
when a 10 ml aliquot of distillate is used. 


Reagents 


Sodium Acetate: 50% solution. 

p-Nitroanaline Reagent: Weigh out 0.75 
gram p-nitroaniline, add 5-10 ml distilled water 
and 20 ml concentrated HCl. Dilute to 250 ml 
and filter, if necessary. Prepare diazotized re- 
agent fresh daily by adding 1.5 ml of 5% NaNO, 
to 25 ml of this solution. 

Sodium Carbonate : 20% solution. 

Phenol Standard: Weigh out exactly 0.500 
gram of purified phenol, add about 10 ml dis- 
tilled water and 4 ml concentrated HCl. Dilute 
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Ficure 1. Diurnal variation of phenol excretion by two workers exposed to an average daily 
concentration of less than 25 ppm of benzene. 


TaBLeE | 


Comparison of Urinary Phenol Values with Sulfate 
Ratios Obtained on the Same Samples 


Average Phenol 


No. of Workers (mg/liter) 


Average SO, Ratio 


Normal values Above 80% 


to 500 ml for stock solution. For working stand- 
ard dilute one ml to 100, and use 1 to 10 ml (10 
to 100 yg) for curve. 


Interferences 


Although cresol, resorcinol, and higher phenol 
homologues may produce color with the reagent, 
the net interference should be slight since they 
are either removed by distillation or are not 
present in normal urine in sufficient quantity to 
produce a significant effect. However, 2,5-di- 
chlorophenol, which has been found in the urine 
of paradichlorobenzene workers, also reacts with 
p-nitroaniline. Its presence may be confirmed by 
the use of Gibbs’ reagent with which it produces 
a color with maximum absorbance at 675 mp 
in contrast to the maximum of 605 mp given by 
phenol. About 300 pg of aspirin in solution gave 
no color, and there was no increase in phenol in 
the urine two hours after ingestion of two 5-grain 
tablets. Benzene and its homologues give no 
reaction, and there appears to be no increase 


in urmary phenol after exposure to low concen- 
trations of toluene or xylene. 


Human Exposure Data 


Various samples from persons exposed both in 
a chamber and in the field have been analyzed. 
The exposures in the field were to benzene alone 
as well as to petroleum naphthas having a low 
benzene content. 

Preliminary studies were conducted on work- 
ers who were regularly exposed to low concen- 
trations of benzene. In the plant selected, nor- 
mal air concentrations were below 25 parts per 
million as determined routinely by direct-reading 
tubes. Results from two workers, as shown in 
Figure 1 demonstrate that the urinary phenol 
content shows a definite increase following ex- 
posure to benzene. Values decrease on the follow- 

- ing morning, although they do not necessarily 
return to normal. 

As an additional study in the same plant, 
phenol concentrations in the urine were com- 
pared with sulfate ratios on a number of work- 
ers. Included were samples from benzene-exposed 
workers both before and at the end of the work 
day, as well as four samples from a clerical 
worker in the plant. The results as shown in 
Table I illustrate the greater sensitivity of the 
phenol test as compared to the urine sulfate 
ratio. As an example, a sulfate ratio of 88% 
would be considered to be in the normal range of 
unexposed persons, whereas the corresponding 
phenol concentration of 91 mg/liter indicates 
definite exposure to concentrations of benzene 
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Ficure 2. Phenol excretion of two subjects exposed in a chamber to 200 ppm of benzene 
for 30 minutes. Subject H was exercising moderately, while subject P was sedentary. 


below the current Threshold Limit Value (TLV) 
of 25 ppm. 

Through the co-operation of the Harvard 
School of Public Health, samples were obtained 
from two previously unexposed persons who 
were subjected to a single known concentration 
of 200 ppm of benzene for thirty minutes. Dur- 
ing the exposure subject H was exercising moder- 
ately, while subject P was sedentary. Results are 
presented graphically in Figure 2 and show the 
rapid initial rise in phenol content followed by 
return to normal within 24 hours. Total post- 
exposure phenol excretion by subject H was 
69.9 milligrams and by subject P was 57.7 milli- 
grams, 

In order to obtain a more reliable correlation 
between air and urine values, air samples were 
taken on silica gel, and benzene determined by 
solvent extraction and comparison of the ultra- 
violet absorption with standards.” Urine samples 
from workers were obtained on the same day 
near the end of the work period and analyzed by 
the method previously described. Thus far our 
field investigations have been concerned _pri- 
marily with the rubber coating industry where 
the naphtha used may have a natural benzene 
content of 1.5 to 9.3% by weight.” 

_ Results obtained in a single plant are shown 
in Table II. As might be expected with a small 
sample, some results appear to be inconsistent. 
In the data used, however, it was assumed that 


TaBLe II 
Typical Benzene Air Values and Urinary Pheno 
Concentrations Obtained in a Survey 
of a Single Plant 


Phenol 
mg/liter) 


Benzene 


(ppm) No. of Workers 


ewe 


the air samples taken were representative of the 
exposure over the entire day. Frequently this is 
not the case, as operations may be variable or 
intermittent over the work period. 

Data based on 43 air samples and 69 urine 
samples are plotted in Figure 3 to show correla- 
tion between urinary phenol and benzene air val- 
ues. On the basis of these findings it appears that 
exposure to benzene in excess of the present 
TLV of 25 ppm will be reflected by a urinary 
phenol concentration of more than 200 mg/liter. 

When applying the phenol test, the following 
factors should be considered: 

1. Since phenol is apparently excreted rapidly, 
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Ficure 3. Comparison of urinary phenol excretion with benzene air concentrations. 


results are significant only when applied to 
urine samples obtained at or near the end 
of the working period. 

. It is advisable to adjust all phenol values 
to a definite specific gravity for good corre- 
lation. In this laboratory a mean value of 
1.024 is used. 

. The data presented are based on exposures 
to reasonably constant concentrations of 
benzene. Application of results to single 
acute exposures has not been thoroughly 
studied. 

. The phenol test has been found to give a 
more reliable picture of over-all benzene 
exposure than data obtained from air tests, 
however, it should not be used as an exclu- 
sive measure of exposure. 


Summary and Conclusions 


The application of a test for phenol in urine 
as an index of benzene exposure is discussed. It 
has greater sensitivity to low benzene concen- 
trations than the previously used sulfate ratio, 
and has particular application where exposure 


is to low benzene concentrations or where inter- 
pretation of air sample data is difficult or un- 
reliable. Data are given to illustrate the correla- 
tion between urinary phenol and benzene air 
concentrations obtained in field studies. From 
these studies it is concluded that a_ urinary 
phenol concentration of 200 milligrams per liter 
is indicative of exposure to approximately 25 
ppm of benzene in air. 
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RADIOACTIVE POLLUTANTS IN AIR 


HE PUBLIC HEALTH SERVICE, through its Division of Air Pollution, will 
conduct a one-week training course, “Radioactive Pollutants in Air,” January 
29-February 2, 1962, at Cincinnati, Ohio, for air pollution control officials, engineers, 
and other professional persons concerned with radioactive contamination of the air en- 
vironment. The course provides instruction in air monitoring techniques including 
meteorological aspects, in sampling and analysis, and in the interpretation of data. 
One-third of the time is devoted to problem sessions and laboratory practice. Prior 
completion of the “Basic Radiological Health” course (given in Cincinnati, January 
15-26, 1962), or equivalent training, is recommended. This course is followed by the 
related courses, “Radioactive Pollutants in Water” (February 5-9, 1962), and “Radio- 
nuclides in Water” (February 12-16, 1962). 
Full descriptions of the courses are given in the Training Program Bulletin which is 


available on request. Address applications for the course or requests for information 
to the Chief, Training Program, Robert A. Taft Sanitary Engineering Center, 4676 
Columbia Parkway, Cincinnati 26, Ohio, or to a PHS Regional Office. 


CORRESPONDENCE COURSES IN OCCUPATIONAL HEALTH 


HE PROGRAM OF CONTINUATION EDUCATION of the Columbia Uni- 
versity School of Public Health and Administrative Medicine, as an extension of 
its activities in postgraduate education, has prepared two additional home-study 
courses in the field of occupational health: 
1. Industrial Applications of Ionizing Radiation 
2. Industrial Hygiene 
In each of the courses a text is provided and review questions have been prepared for 
each section of the texts. Students are invited to submit their answers to the review 


A. A questions for correction. 


rs Home-study courses in Biostatistics and Toxicology, formerly distributed through 
the American Academy of Occupational Medicine, are now available from the Program 
of Continuation Education. Inquiries regarding these correspondence courses should be 
addressed to: 

The Program of Continuation Education-Occupational Medicine 

Columbia University School of Public Health and Administrative Medicine 

600 West 168th Street, New York 32, New York. 
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Spectrographic Determination of Lead 


in Whole Urine 


ALVIN L. VANDERKOLK and D. E. VANFAROWE 
Division of Occupational Health, Michigan Department of Health, Lansing, Michigan 


A method is presented for the determination of lead in urine without requiring the 
ashing of the urine. An internal standard, indium, is used in preference to bismuth. 
The method was developed for use in analytical laboratories which require a high 
degree of versatility. A nitrogen atmosphere is introduced around the sample electrode 
to reduce the wandering of the are and to lower the spectral background. 


ntroduction 


EAD-IN-URINE determinations have been 
made spectrographically for many years. 
Several methods have been described in the lit- 
erature.” *** Each method reviewed requires 
a complete ashing of the urine prior to analysis, 
although direct urine analysis without the ash- 
ing step can save considerable time. The method 
described accomplishes this objective. Other ad- 
vantages include the reduction of the probability 
for contamination during analysis and also ver- 
satility with respect to numbers of samples for 
efficient utilization of equipment and personnel 
time. 

Our laboratory, similar to other industrial hy- 
giene laboratories, must be adapted to versatility 
as well as change in pace, from industrial study 
programs where hundreds of specimens are col- 
lected to the single analysis required by a physi- 
cian who needs the results immediately to aid in 
diagnosis of critical cases. It is for this type of use 
that this method was developed. Previously, re- 
ported methods utilizing the internal standard 
technique recommended bismuth for this pur- 
pose. Since bismuth is used in medical therapy 
and is available to persons without prescriptions 
we felt that it would be advisable to seek an- 
other internal standard. We found indium meets 
the requirements and is used in the method de- 
scribed below. 


Reagents and Standard Solutions 


(All glassware is cleaned in concentrated 
HNO, and thoroughly rinsed with lead-free 
water after which it is dried in an oven at 
105°C.) 

1. Lead-free water. 


1,000 ml in 10% HNO, giving a standard 
stock solution of one mg lead per ml. Al- 
quots are taken from this stock solution and 
made up to volume in 25 ml volumetric flask 
to give lead standards varying in concentra- 
tions from 0.2 micrograms Pb/0.5 ml to 5 
micrograms Pb/0.5 ml in 10% HNO,. 


. Spec-pure indium oxide (In,O;) used for in- 


ternal standard: 

(a) Indium stock solution: 0.6045 g spec- 
troscopically pure indium oxide (In,0,) 
is weighed into a 100-ml beaker, 10 ml 
concentrated HNO; added, heated and 
taken to dryness. (This step of convert- 
ing the indium oxide to indium nitrate 
could be eliminated if spec-pure indium 
nitrate were used.) The indium nitrate 
in the 100-ml beaker is taken into solu- 
tion with 10% HNO,, transferred to a 
1,000 ml volumetric, and made up to 
volume with 10% HNO,. The solution 
contains 500 micrograms of In per ml. 
Indium internal standard working solu- 
tion: Transfer 12 ml of indium stock so- 
lution into a 100-m] volumetric flask and 
dilute to volume with distilled water. 
This solution contains 30 micrograms In 
per 0.5 ml. 


. Lithium chloride-graphite buffer mixture:* 


Spectroscopically pure graphite and C_P. lith- 
ium chloride are weighed out in a ratio of 
one part lithium chloride to 2.5 parts graphite, 
ground thoroughly in a mortar and stored 
over concentrated sulfuric acid in a desie- 
cator. 


. Waterproofing solution: 2% solution of Dow 


Corning DC-702 fluid and C.P. acetone. 


2. Concentrated HNO, , lead-free. Equipment, Materials and Conditions 
3. Standard solutions are prepared as follows: 


1.598 g Pb(NO,). is weighed and made up to 


1. Bausch and Lomb Large Littrow, Region 5. 
2. Optical conditions: Spectrograph slit width, 
368 


5. 
ridt h, 


Industrial Hygiene Journal 


non-adjustable 10 microns; an image of the 
electrode is focused on the objective lens in- 
stead of the ordinary focusing on the slit. 
These optical conditions utilize the full speed 
of the instrument. The 10-micron slit, instead 
of the customary 20-micron slit, aids in re- 
ducing the spectral background. 

_ Densitometer: Non-recording, National Spec- 
trograph “Spec Reader”. 

Electrodes: (a) Lower electrode (anode) ; 
United Carbon Products Company, Ultra- 
Purity Preformed, Catalog No. 100-L, 4- 
inch diameter; crater is 3/16-inch diameter 
and 5/32-inch deep. 

(b) Upper electrode (cathode) is 3/16- 
inch diameter, sharpened to a point in an or- 
dinary de-leaded pencil sharpener. This also 
is a United Carbon Products electrode, Cata- 
log No. ST-45. 

. Photographic: Eastman Kodak Spectrum An- 
alysis No. 1 plate, developed 3.5 minutes in 
Eastman D-19 Developer at 68°F and fixed 
eight minutes in Eastman Koda-Fixer (Na- 
tional Spectrographic Developing Machine). 
Emulsion is calibrated by use of the two-step 
filter in front of the slit. The density of the 
filter section is given by Bausch and Lomb 
Company, makers of the filter. 

. Exposure conditions: 220 volts DC are, oper- 
ating at 7.5 amperes with a constant gap of 
5 mm maintained between the anode and 
cathode. Exposure time is 24 seconds. Be cer- 
tain that the anode is the lower electrode. 

7. Nitrogen: Airco dry nitrogen, flow rate regu- 
lated by F. W. Dwyer Manufacturing Com- 
pany flow meter, maximum flow rate six 
liters per minute; regulator 3,000 pounds. 

. Sample electrode holder construction’ is shown 
is Figure 1. The nitrogen flow around the 
electrode is between three and four liters per 
minute. 


Preparation of Electrodes 


Preparation of the electrode for both stand- 
ard curve and sample analysis is as follows: A 
’-ineh diameter electrode is waterproofed by 
Immersion in Dow Corning silicone solution (2% 
in acetone) and air dried for at least thirty min- 
utes. A 5-mg charge of lithium chloride-graphite 
buffer is placed in the electrode and packed by 
tapping gently on the table top. 


Preparation of Standard Curve 


A standard curve (Figure 2) is prepared as 
follows: Each concentration of the standard 
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Fiaure 1. Drawing to show the details of con- 
struction of the sample electrode holder. 


curve is run in triplicate and an average of these 
is taken for calculation. First, 0.5 ml of internal 
standard working solution (30 micrograms/0.5 
ml) is pipetted into a lead-free 10-ml volumetric 
flask, followed by 0.5 ml of a lead solution con- 
taining 0.2 micrograms Pb/0.5 ml. A series of 
volumetric flasks is prepared, each flask con- 
taining the same amount of internal standard 
with increasing amounts of lead. The range of 
the standard curve is from 0.02 mg Pb/liter 
urine to 0.3 mg Pb/liter urine. After the proper 
addition of internal standard and lead solutions, 
the volumetric flask is brought to the 10 ml mark 
with urine from a person who has not been oc- 
cupationally exposed to lead. Then 0.1 ml is 
pipetted from the volumetric flask into an elec- 
trode prepared as described above and placed 
in an oven at 60°C for at least thirty minutes. 
The temperature is then increased to 105°C and 
maintained at least one hour. The standards are 
now ready for analysis. For further explanation 
see section entitled Spectrographic Procedure. 
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Ficure 2. Standard curve for the spectrographic determination of lead in urine. 


Preparation of Sample TABLE I 


The procedure for preparing a urine sample Urine Samples Run on Spectrograph Containing 
for analysis is as follows: 0.5 ml of internal —— _Added Known Amounts of Lead 
standard working solution (30 micrograms/0.5 
ml) is pipetted into a lead-free 10-ml volumetric 
flask. The sample is brought to volume with the 
urine to be analyzed. Then 0.1 ml is pipetted 
from the volumetric flask into an electrode pre- 
pared as described above. The electrodes are 
then placed in an oven at 60°C and allowed to 
dry for at least thirty minutes. The temperature 
is increased to 105°C and maintained at that 
temperature for at least one hour. As in the 
standard curve all sample analyses are run in 
triplicate and an average is taken for calculation. 
The samples are now ready for analysis as de- 
scribed below. 


mg Pb per liter urine 
Sample No. : Deviation 


Wwe 


Spectrographic Procedure 


ao WwW 


The spectrograph settings and exposure con- 
ditions have been discussed in a previous section. 
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After the electrodes have been removed from the 
oven at 105°C, they are placed in the arec-stand 
and arced for 24 seconds with the shutter being 
left open during the entire exposure time. The 
plate is then developed, fixed and washed at 
68°F and dried in the developing machine as pre- 
viously discussed. The percentage transmittance 
values of the Pb 2833.1 and In 2753.9 A lines 
and of the background adjacent to the lead line 
are determined with the densitometer. The in- 
tensity ratios of Pb 2833.1 versus In 2753.9 
(with background correction) are established by 
use of an emulsion calibration curve obtained by 
the two-step filter method. The concentration of 
lead is estimated from the working standard 
curve. 


Accuracy 


The accuracy of the method was determined 
first by its ability to recover known amounts of 
lead added to a single urine specimen. A series 
of 17 samples was prepared by a chemist other 
than the spectrographer to permit unbiased an- 
alysis. Table I shows the amount of added lead 
in mg per liter urine, the amount of lead re- 
ported found in mg per liter urine, and the de- 
viation of analytical results from the known. 
The average deviation is plus or minus 0.013 mg 
lead per liter urine with a maximum deviation of 
plus or minus 0.03 mg lead per liter urine. 

The second procedure used for checking the 
accuracy of the method was a comparative anal- 
ysis with a dithizone method used in our lab- 
oratory for many years.’ To compare the spec- 
trochemical method with the chemical analysis, 
a series of 90 urine samples collected for occu- 
pational exposures were run by both methods. 
The average deviation was 0.017 mg lead per 
liter urine with a maximum deviation of 0.05 mg 
lead per liter urine which falls within the confi- 
dence level established by analysis of “knowns” 
as discussed above. The median deviation for 
the series of 90 urine samples was 0.01 mg lead 
per liter urine. 


Summary 


The use of the Emission Spectrograph gives 
the industrial hygiene laboratory the sensitivity 
and reliability required for this analysis as well 
as the flexibility of running a single sample or 
large numbers of determinations with minimal 
man-hours per specimen. The ability to determine 
lead in urine without ashing the urine shortens 
the time for analysis and reduces the possibility 
of contamination. The use of the nitrogen at- 
mosphere in the analytical gap serves to lower 
the spectral background on the plate and to 
minimize the wandering of the are around the 
rim of the electrode. In selecting indium as an in- 
ternal standard in preference to bismuth we feel 
confident the possibility of having any residual 
internal standard in the sample is remote. 
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Simplified One Color Dithizone Method 


for Lead in Urine 


MORRIS B. JACOBS, Ph.D., and JEANNE HERNDON 


School of Public Health and Administrative Medicine, Columbia University, 
New York, New York 


By substitution of alpha naphtholphthalein as the indicator instead of phenol red and 
the use of a single Mojonnier extraction tube or Jacobs-Singer separatory flask in- 
stead of multiple separatory funnels, the manipulative steps of the one color dithizone 
method for lead are simplified and improved. 


Introduction 


NTEREST in the absorption and excretion of 

lead has remained at high level for many 
years. Recently additional interest has been dis- 
played because of many instances of lead poison- 
ing in children.’ One would think that with the 
numerous methods for determining lead in bio- 
logical materials, there would be no need for 
another, but despite these many methods there 
is still marked dissatisfaction with them. 

The literature concerning the determination 
of lead in biological materials has been covered 
in the booklet Methods for Determining Lead in 
Air and in Biological Materials,’ by Sandell,* and 
by Jacobs* and need not be repeated here. One 
must, however, mention the rapid methods of 
Woessner and Cholak,° of Amdur,® and of Bess- 
man and Layne.’ In general these methods are 
either spectrographic, polarographic, or dithizone 
methods, with the latter being used in several 
variations, namely, mixed color, titrimetric, or 
one color procedures. The one color method of 
Fischer and Leopoldi® was modified by Harrold, 
Meek and Holden® and subsequently by others. 
We have modified the one color variation by sub- 
stitution of alpha naphtholphthalein instead of 
phenol red as the indicator, the use of a single 
Mojonnier extraction tube instead of multiple 
separatory funnels, the addition of fixed amounts 
of dithizone extraction solution, and the use of 
filter paper instead of cotton to get a final clear 
solution for reading in the spectrophotometer. 
By these changes the one color method has been 
greatly simplified and possibly improved. Some 
of the reagents employed are those suggested by 
Horwitt and Cowgill” and by Moskowitz and 
Burke.” 


These studies were supported in part by a grant from the 
National Institutes of Health, U.S. Public Health Service, 
Department of Health, Education and Welfare. 


Equipment and Reagents 


Apparatus 


A Bausch and Lomb Spectronic 340 was used 
as the spectrophotometer. Readings were made 
using 1-inch diameter cuvettes. 

The Mojonnier extraction flask (Figure 1) 
used was their G3A model which has a capacity 
of 104.5 ml in the top chamber and 21.5 ml in 
the bottom chamber and is stoppered with a No. 
16 pennyhead standard taper glass stopper. 

All glassware is washed with dilute nitric acid. 


Reagents 


Dithizone Solution: Dissolve 50 mg of pure 
diphenylthiocarbazone in reagent grade chloro- 
form and make up to 500 ml with chloroform. 

Ammoniacal Sodium Citrate Solution: Dis- 
solve 100 grams of reagent grade sodium citrate 
in distilled water and dilute to 500 ml. Add 150 
ml of ammonium hydroxide solution (1:1). Mix 
thoroughly. 

Potassium Cyanide Solution, 10%: Dissolve 
20 grams of reagent grade KCN in distilled water 
in a 200-ml volumetric flask and make up to 
volume with water. Transfer to a reagent bottle 
and keep in dark, storing it, for instance, in a 
full metal cabinet. If it becomes discolored dis- 
card it and make a fresh solution. 

Hydrochloric Acid (1:1): Dilute highest 
purity hydrochloric acid with an equal volume of 
distilled water. 

Hydroxylamine Hydrochloride, 20%: Dissolve 
40 grams of hydroxylamine hydrochloride, 
NH.OH-: HCI, in distilled water and dilute to 200 
ml in a volumetric flask. This solution can be 
purified by shaking out with dithizone extrac- 
tion solution as detailed by Sandell*® and by 
Jacobs and co-workers.” 

Ammonium Hydroxide Solution (1:1): Dilute 
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Ficure 1. Glass-stoppered Mojonnier extraction tube. 


one volume of concentrated ammonium hydrox- 
ide solution, specific gravity 0.90 with an equal 
volume of distilled water. 

Dithizone Extractive Solution: Transfer 5 ml 
of 10% potassium cyanide solution and 15 ml of 
concentrated ammonium hydroxide solution to a 
500-ml volumetric flask and dilute to the mark 
with distilled water. 

Indicator Solution: Weigh out 100 mg of alpha 
naphtholphthalein (National Aniline No. 249) 
and transfer to a 20-ml beaker. Add 10 ml of 
distilled water and stir to wet the indicator. 
Add 4 ml of 0.01N sodium hydroxide solution. 
The indicator dissolves to form a deep blue solu- 
tion. Transfer to a 250-ml volumetric flask, wash 
the beaker thoroughly with water and transfer 
the washings to volumetric flask. Add an ad- 
ditional 6 ml of 0.01N sodium hydroxide solu- 
tion, make to the mark with distilled water, 
stopper and mix thoroughly. This is a 0.04% 
solution of alpha naphtholphthalein. It is virtu- 
ally colorless in acid solution and changes to a 
green to blue green at pH 8. 


Standard Solutions 


Stock Standard Lead Solution: Weigh out 
accurately 1.598 g of recrystallized lead nitrate, 
Pb(NO,)., transfer to a one-liter volumetric 
flask. Dissolve in 0.1% nitric acid and make 
to the mark with this acid. One milliliter of this 
solution contains one mg of lead. 

Standard Working Lead Solutions: Transfer 
one ml of this stock standard solution to a 100- 
ml volumetric flask and dilute to volume with 
distilled water. This solution contains 10 micro- 
grams per milliliter. Transfer 10 ml of this dilu- 
tion to a 100-ml volumetric flask and dilute to 
volume. This final dilution contains one micro- 
gram per miililiter. 


Standard Curve 


Transfer with the aid of pipettes 0, 0.25, 0.5, 
1.0, 2.0, 4.0, 6.0, 10.0, and 15.0 ml of the one 
microgram per milliliter working standard solu- 
tion to 100-ml volumetric flasks. These volumes 
are equivalent to 0, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 
10.0, and 15.0 micrograms of lead, respectively. 
Add 15 ml of hydrochloric acid and continue 
with the method as detailed in the procedure 
but omit the heating steps. Place the final chioro- 
form solution in one-inch tube cuvettes and read 
in the Bausch and Lomb spectrophotometer at 
525 mu. Plot the micrograms of lead against the 
transmission. The average of several standard 
runs is plotted in Figure 2. 


Procedure 


Transfer 50 ml of urine to a Coors porcelain 
casserole size 180-3A and evaporate cautiously on 
a hot plate in a hood to dryness using low heat 
at first. After the urine has been evaporated con- 
tinue heating on the hot plate at high heat until 
the material chars. Transfer the casserole to a 
muffle furnace that has been adjusted to 550°C 
and heat at that temperature for 10 minutes. Re- 
move the casserole from the furnace and allow to 
cool. Add two ml of concentrated nitric acid and 
replace it on the hot plate in the hood and drive 
off the nitrogen oxides. Replace in the muffle 
furnace at 550°C and again heat for 10 minutes. 
Do not permit the temperature to rise above 
this. Remove from the muffle furnace, allow to 
cool, add 15 ml of hydrochloric acid to the 
casserole washing the sides with the acid, heat 
on the hot plate and transfer to a 100-ml 
volumetric flask. Add 10 ml of distilled water to 
the casserole washing the sides of the dish with 
the water, heat on the hot plate, and transfer 
to the 100-ml volumetric flask. Repeat this step 
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using 15 ml of ammoniacal sodium citrate solu- 
tion. Repeat the washing again with 10 ml of 
water and add the washing to the volumetric 
flask. 

Allow the flask to cool to room temperature 
and add one ml of 20% hydroxylamine hydro- 
chloride solution and 0.5 ml of alpha naphthol- 
phthalein indicator solution. Add sufficient am- 
monium hydroxide solution (1:1) to turn the 
indicator blue. Add 5 ml of 10% potassium cya- 
nide solution and make to volume. 

Place 10 ml of chloroform solution in a Mojon- 
nier tube and transfer the contents of the volu- 
metric flask to the tube. Add 0.2 ml of the dithi- 
zone solution, stopper the flask, and shake 
thoroughly, holding the stopper firmly. Set 
upright and release the stopper cautiously. Add 
additional volumes of dithizone solution 0.1 ml 
at a time, shaking after each addition until the 
chloroform layer turns purple. Allow to stand 
until the phases separate. Pour off the super- 
natant solution to the constriction and discard. 
Add an additional 10 ml of chloroform and dis- 
card most of the remainder of the aqueous layer. 

Add 10 ml of potassium cyanide-ammonium 
hydroxide extractive solution, stopper the tube, 
shake, and allow to separate. Pour off the super- 
natant as before, Repeat by adding an additional 
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10 ml of this extractive solution. (If care is exer- 
cised in addition of the dithizone solution so that 
not too large an excess is added, only two wash- 
ings with the cyanide-ammonia extractive soly- 
tion will be required.) Add sufficient chloro- 
form to raise the level of the chloroform layer 
to just above the middle of the constriction so 
that the water layer can be poured off com- 
pletely. 

Wet a 9- or 1l-em. Whatman No. 41H filter 
paper with chloroform and filter the chloroform 
layer into a one-inch cuvette. Read the absorp- 
tion at 525 mp. Obtain the concentration from 
the standard curve and compute the concen- 
tration on the basis of micrograms per liter. 


Results 


The results obtained with several series of 
standard curves are shown as an average stand- 
ard curve in Figure 2. It can be seen by reference 
to this curve that 0.2 microgram of lead can be 
read with ease. 

Representative recoveries of lead added to 
urines are the following: Added 1.0, 2.0, 3.0, 5.0, 
and 8.0 micrograms; found 1.5, 2.6, 3.0, 5.1, and 
7.6 micrograms respectively. These show ade- 
quate recovery of lead by this method. 
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Ficure 2. Standard curve. 
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Discussion 


The many variations of the mixed color as 
well as the one color dithizone methods indicate 
that difficulty is encountered in their use. The 
errors in these methods have been discussed by 
Sandell’ With particular respect to the one color 
method, possibly the greatest disadvantage has 
been the need for using multiple banks of 
separatory funnels. Not only did this increase 
the amount of glassware to be washed but at 
each transfer there was some likelihood that 
some chloroform extract is lost. With the use of 
the Mojonnier extraction tube or the Jacobs- 
Singer separatory flask any number of washings 
ean be performed with the same vessel. If more 
than 100 ml of test sample is to be extracted then 
100-ml or smaller aliquots can be shaken out 
and each supernatant discarded. In pouring off 
the final washing, a drop or two of the aqueous 
laver may remain. This will be removed in the 
filtration. If one selects to pour off all the aqueous 
laver and with it a drop or two of the final 
chloroform solution, the resultant error will still 
be less than the losses encountered in the re- 
petitive transfers from separatory funnel to 
separatory funnel. 

Although phenol red is almost universally used 
to set the proper pH for the extraction of lead, 
we found it unsatisfactory. Indeed, in the ashing 
method when the indicator is first added to the 
acid solution, a reddish color is obtained even 
after the addition of a small volume of am- 
monium hydroxide solution and an inexperienced 
analyst might be misled and think that neutrality 
had been reached. This is dangerous since the 
potassium cyanide solution might be added 
while the solution was still acid. The color of 
phenol red actually goes from reddish to yellow 
to red. We thought that the use of alpha naph- 
tholphthalein might be an improvement and 
we found that it was, for the indicator is vir- 
tually colorless on the acid side and then be- 
comes green to blue green without any inter- 
mediate indeterminate color on the alkaline side. 
Thus danger in the addition of cyanide is mini- 
mized. 

Customary directions call for filtration 
through a pledget of cotton. In our experience 
this often gave cloudy solutions. By filtering our 
final extract through Whatman No. 41H filters 
we invariably obtain clear solutions. 

It is known that some lead may be lost with 
repeated washings of the lead dithizonate in 
chloroform. We have attempted to minimize this 
source of error by adding the least excess pos- 
sible so that only two or at the most three wash- 
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ings of the chloroform layer are required. Adding 
the dithizone solution in increments of 0.1 to 
0.2 ml helps to control this aspect as well 
as experience with the method. The Mojonnier 
tube and the Jacobs-Singer separatory flask are 
helpful here too, for sighting through the chloro- 
form layer in these flasks to evaluate the color 
change is better than sighting through a separa- 
tory funnel. 

Although this method is not designed primar- 
ily as a rapid method in contrast to those meth- 
ods cited in the introductory section, it is to be 
noted that the ashing step itself is relatively 
rapid and does not take over 25 to 30 minutes. 
Ten minutes are needed for the first ignition; 5 
to 10 minutes for the cooling, addition of nitric 
acid, and heating on the hot plate to drive off 
the nitrous fumes. In effect, it is no longer than 
the many manipulative steps of precipitation, 
centrifugation, washing, and resolution of the 
rapid methods. Furthermore in the ashing step 
the lead in organic combination or held by 
chelating agents is recovered completely. By 
igniting the second crucible while the first is 
cooling, one can speed up the determinations 
even with a small muffle furnace. 

By use of one-inch tubes as little as 0.20 micro- 
gram can easily be read and less than that may 
be approximated. This means that one may use 
less than 50 ml of urine as the sample. 

The method, virtually without change, has 
been used for blood and spinal fluid. Blood re- 
quires an additional treatment with nitric acid 
and reignition. The ability to read as little as 
0.2 microgram enables the analyst to use as little 
as 4 ml of blood and 2 ml of spinal fluid. 


Summary 


Lead in urine is determined by ashing the 
urine, dissolving the ash in hydrochloric acid and 
ammoniacal sodium citrate, adjusting the pH to 
8 with ammonium hydroxide using alpha naph- 
tholphathalein as the indicator which goes from 
virtually colorless to green blue, extracting with 
a chloroform solution of dithizone with the aid 
of a Mojonnier extraction tube to avoid the use 
of multiple separatory funnels, washing out the 
excess dithizone with eyanide-ammonia solution, 
filtering the chloroform layer to obtain a clear 
solution, and reading the amount of lead 
dithizonate at 525 my with one-inch cuvettes. 
This one color dithizone method is simple, rela- 
tively rapid, and overcomes many of the dis- 
advantages of other variations. The method is 
adequate for 0.25 microgram of lead. 
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Russian Air PoLuuTION LITERATURE 


HE US. DEPARTMENT OF COMMERCE, Office of Technical Services, has 

announced the publication of the fifth volume in a continuing survey of Russian 
literature on air pollution and related occupational diseases, being conducted by Dr. 
Ben S. Levine under a US. Public Health Service research grant. This survey of Soviet 
literature dealing with the air pollution aspects of industrial and public health prob- 
lems contains translations of 45 articles in six sections dealing with: Russian studies 
of limits of allowable concentration; pharmacological, toxicological, and clinical data; 
industrial sanitation; ionization and ultraviolet radiation; benzpyrene; and analytical 
techniques for measuring various pollutants. Dr. Levine has included an analysis of 
Pavlovian physiology and its potential use in investigations of air pollution in his in- 
troduction to Volume 5. This continuing survey series covers concepts which form the 
basis of air pollution prevention in the USSR, explains the methods of approach, out- 
lines the scope and plan of the work, and evaluation of the progress made. 

Two translations have been published in 1961 and are available for purchase from 
the Office of Technical Services, Business and Defense Services Administration, US. 
Department of Commerce, Washington 25, D.C. The two publications are: 

61-11149 USSR Literature on Air Pollution and Related Occupational Diseases. 

Volume 5. January 1961. 219 pages. $3.50. 
61-11148 Limits of Allowable Concentrations of Atmosphenc Pollutants. Book 4. 


$2.75. 


A Practical Stack Sampling Procedure 


JOHN F. STEPHENS, B.S. Ch.E. 


Industrial Hygiene Department, General Motors Corporation, Technical Center, 
Warren, Michigan 


A practical stack gas sampling procedure applicable to most field conditions is de- 
scribed. Metering, sampling and analytical variations provide the versatility needed. 
Several tables are suggested as field work aids to the engineers. Particulate loading of 
filters, mass-emission-rates, collection efficiencies, and calibrations are discussed. 


Introduction 


PRACTICABLE stack sampling procedure 

has been developed and used during the 
past ten years by the Industrial Hygiene Depart- 
ment of the General Motors Corporation. The 
procedure is fundamentally based on established 
practices.” * 

Recognizing that ideal stack sampling condi- 
tions seldom exist in plant installations, effort 
has been made to minimize the effect of those 
shortcomings which tend to oppose the attain- 
ment of representative samples. To gain neces- 
sary versatility, variations have been introduced 
in metering, sampling and analytical techniques. 
These changes have enabled reasonable particu- 
late loading, mass-emission-rate and dust-re- 
moval-efficiency determinations to be made in a 
wide range of circumstances. 


Selection of Sampling Locations 


The selection of sampling Jocations is al- 
most invariably a compromise with the ideal. 
Individual judgement must be made in each 
situation as to which possible location affords op- 
portunity for the greatest accuracy in velocity 
pressure measurements and representativeness in 
subsequent sampling. 

Having made this choice, sampling ports are 
usually prepared by means of a rotating hole 
saw of either 1.5 or 2.5 inch diameter. The 1.5- 
inch hole accommodates the sampling probe of 
a wet train, but a 2.5-inch hole is required when 
filter thimbles are used. The larger hole is needed 
for a dry train because the entire integral-head 
thimble holder is positioned in the contaminated 
air or gas stream. 

Occasionally, the best sampling location is 
judged to be just over the rim of a discharge 
stack, as shown in Figure 1. 


Sampling Trains and Accessories 


In the instance shown, Figure 1, the inlet 
nozzle of a simple wet-tvpe sampling train is in- 


serted through the discharge stack opening. The 
probe is secured by a toggle-lock wrench to a 
support bracket attached to the stack by sheet 
metal screws. An aluminum rod and clamp as- 
sembly holds an all-glass standard impinger 
to the stainless steel probe. This particular probe 
has to be held by hand, however, for traverse 
points close to the near side of the stack. Amber 
latex hose of ¥-inch inside diameter and %- 
inch wall thickness has proved highly satisfac- 
tory for conducting air or gas to the sampling 
pump. 

The pump and some of its orifice-meter fea- 
tures are shown in Figure 2(A). A vacuum gauge 
for measuring pressure on the up-stream side of 
the orifice flow meter is located at the top left. 
Just to its right is the flow meter which con- 
sists of a Magnehelic gauge, with a differential 
pressure range of 0 to 12 inches of water, and 
a 3%-inch sharp-edge orifice plate. The orifice 
plate is mounted in an ordinary 4-inch cast iron 
union with nipples on either side for gauge con- 
nections. An air bleeder valve for regulating air 
flow is located below the union. 

Another view of the pump assembly, Figure 
2(B), shows its electrical features. These include 
an on-off switch, and both male and female three- 
wire Hubbell connectors. The connectors permit 
series-connections between two or more pumps 
where it is not convenient to have separate power 
leads. 

And, for convenience, aluminum cases have 
been arranged so the box top can serve as a low 
table, as shown in Figure 2(C). 

As an added feature, the top has two gauge 
windows and a hinged door in one end, Figure 
2(D), so the top does not actually have to be 
removed in order to operate the pump. Figure 3 
illustrates the pump box being used in this man- 
ner. Note also the rod and clamp support of the 
sampling train, which in this case is a dry train 
with the thimble and holder completely inside 
the stack. 
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Figure 1. A simple wet train. 


Ficure 2. Sample pump and orifice flow meter, showing: (a) flow meter and control valve; 
(b) electrical features; (c) box top used as small table, and (d) windows and door in box 
top. 
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Figure 3. Dry sampling train, with thimble 
holder in stack. 
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References have been made to sampling 
trains, which are designated as “wet” or “dry”. 
The dry train includes an aluminum integral- 
head thimble holder, Figure 4, with a short, 
straight, orifice nozzle tube and a weighed 
paper thimble. The holder is connected by a 
90° elbow to a supporting length of ¥-inch pipe. 
The pipe in turn is connected by %-inch latex 
hose to one of the flow metering air sampling 
pumps. 

This train is principally used for collecting 
particulate matter from both not too hot, and 
cold, air streams. It is only oceasionally used im 
efficiency studies. 

The wet sampling train consists of conven- 
tional stainless steel probe and nozzle set com- 
ponents, all-glass standard Greenburg-Smith im- 
pingers, hose, and metering air pump as above. 
The sample entrainment medium usually is n- 
butyl aleohol, but distilled water or various re- 
agents are sometimes used. This train especially 
is used to collect particulate matter from air 
streams when particle size information is desired. 
It has proved to be very good for hot gas, wet 
and oily work, as well as for more normal sam- 
pling. In many cases, the standard impinger is 
preceded by another impinger with orifice re- 
moved from the center tube. The modified tube 
serves as a primary collector of large particles 


Ficure 4. ploded, and assembled view of integral-head thimble holder. 
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TaBLeE 
Typical Pre-Calculated 10-Point Traverse Values* 
(Distance from wall of round ducts 
to center of equal-area zones.) 


Distance from End of Pitot and/or Sampling Probe 
to Point Number 


| 2634 
34 2738 


144) 656) 10% | 1536 | 2956 
334) 634) 1036 | 1534 | 3034 


3834 | | 4376 
39% 4214 | 4434 


* Only a portion of a typical table is given here for purpose 
of illustration; the complete table would indicate values at all 
intermediate diameters from 32 to 45, not shown here. 


TABLE II 


Typical Pre-Calculated Air Flow 
and Pump Calibration Data* 


(for 44-inch probe nozzle) 


| 
| Magnehelic Gauge Read- 
ings-Inches of Water 


Dry: Meter 


Wet: Meter 
No. 


—|—|—|—|— 
| 3.3| 3.1) 2.7] 3.6) 3.2) 
| 3.4) 3.2| 2.8] 3.6| 3.3] 
| 3.4] 3.2} 2.8) 3.7] 


| 
| 


-03 4123 1.41 
-03 4142 1.41 


6.3| 5.2) — 
6.3) 6.0) 5.2] — | — | — 


* Only a portion of a typical table is given here for purpose 
of illustration; the complete table would contain all intermediate 
values from 0.58 to 1.06, not shown here. 


to prevent blockage of the standard impinger 
orifice. 

Although the wet procedure is the more ver- 
satile, it also necessitates more work both in the 
field and in the laboratory. Each probe com- 
ponent must be carefully wet-brushed and rinsed 
into the sample flask. Acetone is used as a final 
rinse in the field to assure clean, dry, probe 
sections for each succeeding use. Quantitative 
transfer from each flask is necessary in the 
laboratory. 


October, 196] 


Work Aids 


Appropriate tables have been prepared to 
minimize field calculations as much as possible, 

Included in the field engineer’s notebook are 
pre-calculated 4-, 6-, 8-, 10- and 12-point 
traverse tables for round pipe. In the 10-point 
traverse, illustrated by Table I, stack inside dj- 
ameters are given in the column at the left. Sue. 
cessive numbers toward the right are the dis. 
tances to be marked off from a center line 
through the entrance leg of both the pitot tube 
and the sampling probe. Both instruments, sub- 
sequently, are consecutively positioned with 
these markings at the inside edge of the stack. 
For pipe sizes not included, underscored mul- 
tiplying factors are given at the top of each 
column. 

We have not prepared this type of informa- 
tion for rectangular stacks because fewer of these 
are encountered, their range of sizes is greater, 
and the related equal-area center calculations 
are much less difficult to compute in the field. 

The second work aid, illustrated by Table II, 
combines pump calibration data with air flow 
measurements. Under some circumstances the 
Magnehelic gauge readings given in the six 
columns at the right depend only on the stack 
velocity pressure readings given in the first 
column at the left. Using a 4-inch probe nozzle, 
these gauge readings assure isokinetic sampling 
under standard conditions. A wet or dry sam- 
pling train, and any of three orifice flow meters 
may be used. 

The sampling rates in standard cfm are indi- 
cated in the fourth column, and the stack 
velocities in fpm are given in the third column. 
For convenience, the square roots of velocity 
pressure values are given in the second column. 

Whenever gas temperature varies by as much 
as 25 degrees from 70°F, or absolute stack pres- 
sure varies by as much as one inch from 299 
inches of mercury, the procedure is more com- 
plex. This is also true if a nozzle size larger 
than %4-inch is used in order to sample at a 
higher rate, as is often done. The more complex 
procedure will be subsequently described. In any 
event, the last six columns represent direct 
calibration data for the standard cfm sampling 
rates shown in the fourth column. They fail to 
apply only when flow resistance up-stream of 
the orifice meter exceeds certain limits during 
sampling. Reference must then be made to base 
calibration curves and Magnehelic gauge read- 
ings varied accordingly. 

A third work aid, Table III, consists of two 
parts. The first part is a list of available probe 
sizes including the cross-sectional area for each, 


a 
de 
no 
eft 
po 
fp 
su 
E |.026|.082|.146| .226 | .342 | .658 | .774 | .854 | .918 | .974 
= |\XxD|XD|xXD| XD | XD | XD | XD | XD | XD | XD 
30 | 34| 244] 436! 634 | 10% | 1934 | 2314 | 2556 | 2744 | 29% ~ 
31 34| 214| 4146! 7 105g | 203% ae 2814 | 30% tr 
32 | 7) 256) 456) 7% | 11 21 24 | 2936 | 3136 m 
45 3434 
46 3556 
ef 
D 
| 
1.1/2 Pump | 
| 
3 
.56 2997 1.02 2.9 
.57 .75 3024 1.03 2.9 
.58 .76 3050 1.04 3.0 
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expressed in 10° square feet. The second part is 
a transitional air flow formula which enables 
determination of (a) the largest usable probe 
nozale size, and (b) the necessary standard 
efm at the pump required for each traverse 
point. In this formula, standard cfm at the pump 
is equal to 17.7 times Vo (the stack velocity in 
fpm at a point) times the ratio of absolute pres- 
sure to absolute temperature, times the cross- 
sectional (C.S.) area of the probe nozzle. 

In its first use, to determine which probe 
nozzle to use, consideration is given the highest 
practical sampling rate (say 1.3 efm for a wet 
train and two cfm for a dry train) and the maxi- 
mum value of Vo in a given traverse. Solving for 
CS. area of probe nozzie indicates the largest size 
that ean be used. 

The formula is then used to determine the 
eim at the pump for each traverse point. This 
is done in a straight-forward manner using suc- 
cessive Vo values. 


Data Sheets 


Measurements and observations are recorded 
on a data sheet as shown in Figure 5. Thirty-six 
pound ledger bond has proved to be especially 
suitable because this grade of paper has firm 
body, does not tear easily and is resistant to 
wetting and soiling effects that are frequently 
encountered. 

The data sheets have been designed to facili- 
tate development of the various steps included in 
the sampling procedure. All of the information 
shown on the data sheet generally proves useful. 
This information consists of -the name and 
section of the plant, the date of test, simple 
weather observations, the test and stack num- 
bers, a description of the test location and the 
system involved, the inside diameter or rec- 
tangular stack dimensions, the cross-sectional 
area, and the gas temperature in degrees Fahren- 
heit and Absolute. 

The absolute pressure (PA) in the stack is 
determined by adding to the barometric pressure 
(PB), as measured with an aneroid barometer, 
the statie pressure (SP) in commensurate units. 
Fy, which we call a velocity factor, is calculated 
by taking the square root of the ratio of the 
absolute temperature to the absolute pressure 
and multiplying by 952.6. This factor includes 
all basie elements of gas flow formulation im- 
portant to this procedure, except velocity pres- 
sure. It is used subsequently in computing stack 
gas velocities. 

Center of equal-area traverse distances is 
entered under “Location” in the body of the data 
sheet. These distances are also marked off from 
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Probe Nozzle Dimensions and Formula for 
Determination of CFM at Pump 


Probe and Nozzle Types I.D. (inches) at 
Available | Leading Edge CS. Area at 
Leading Edge 


Steel |Goose Glass} Common | Decimal | x sq. ft 
tubes|necks |tubes | fraction equiv. 


| Nozzle | 
| sets 


x x 346 .188 
1364 -204 
x 


-250 
-292 


-437 


x 
x 
CFM (Std.) at Pump 
530 PA 


0X yoo 2 
Area X Vo X 460 + t 29.9 


= 17.7 X Vo X PA/Ts X C:S. Area 
where: 
Vo = FP® in stack at sampling point. 
PA Abs. Pressure, In. Hg., in stack. 
Ts = Abs. Temperature, deg. Rankine, in stack. 
C.S. Area = Cross Sectional Area of probe nozzle in 107 sq. ft. 


the probe end on a standard pitot tube. Using an 
inclined manometer, in conjunction with the 
pitot tube, the velocity pressure is determined at 
each so-indicated point number of the stack. 
These values are entered under the column 
headed, Vp (”H,0). 

If both the absolute temperature and the ab- 
solute pressure are near standard, and the range 
of Vp readings is such that desirable sampling 
rates are indicated in the 44-inch nozzle table, 
all precalculated data may simply be transcribed, 
including Magnehelie gauge flowmeter readings. 

Where non-standard conditions exist, the 
square root of each velocity pressure reading is 
multiplied by the velocity factor, Fv, to obtain 
the velocity, Vo, for each traverse point. Table 
III is used as previously explained to determine 
nozzle orifice size and sampling rates. The gauge 
readings are then transcribed from Table II. 

To complete the data sheet, the duration of 
sampling at each point and the sampled gas vol- 
ume are entered, the time of beginning and end- 
ing the test, and the initials of the test engineer. 
“Remarks” include production information re- 
lating to the test, a list of operations covered and 
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PLANT_ Ow F7 Jowes Swer DATE_ “/- 2-60 

WEA THER FILA; j W- 79 

TEST NO. STACK NO. DESCRIPTION Meow 


I.D. (IN.) 


PA PB + 


A ¥ (FT?) 
SP("H0) 


_(IN.) 


FLOWETER NO. 


PROBE (I 


POINT 


NO. 


7-02 


4:00 


TEMP, °F = 
22S ("Hg 


= 4 
A x 


W920 


Fv = (ts/Pa)? x 952.6 = 


(Ts) 


\ 


YOSS” 


(DRY) THIMBLE NO. 2/-4 


(WET) IMPINGER NO, ——-— 


VOL. 
(CFM x Min.) 


(STD. ) 


39 
1.38| | 
429 


3750 42 


TIME TEST STARTED 
REMARKS: yw 


TIME TEST 
Fe 


LAB, ANT CAICULATIONS: 


Qo=axVo= 200 cw 
(at Ts and PA) 


530 


PA 


‘stp. * AZ Foe 


Ficure 5. Sam 


JZ C 


Serr Qo x x 


42x/0 GRAINS/C.F 


all individual observations that might have any 
bearing on the results. 

Although stack gas volumes may be calculated 
in the field, all remaining calculations are neces- 
sarily reserved until laboratory work has been 
completed. Then for particulate matter, the 
weight of solids found is progressively computed 
in grains per cubic foot and pounds per hour. 
Other calculations pertaining to particle size 
data and chemical analyses may be made on the 
reverse side of the data sheet. By use of the data 
sheet in the manner described, all information 
pertaining to a given test is thus confined to a 
single location. 


Sampling 


It seems appropriate to offer a few comments 
as to how a sampling traverse is made, including 
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ple data sheet. 


the location and duration with respect to its gen- 
eral purpose. A traverse is made by aspirating 
stack gas through the sampling train while the 
probe nozzle is located at each traverse point in 
the stack for a given number of minutes. Unused 
portions of holes in ductwork, having negative 
pressure, are closed off during both the velocity 
and the sampling traverse. 

The duration of a sampling traverse will range 
from less than 2 hour to several hours. The 
duration depends on the purpose of the test, the 
apparent dirtiness of the gas stream, the aif 
velocities to be matched and the constancy of 
dust producing operations. An effort is made to 
collect at least 300 milligrams of dust in each 
sample, but as little as 15 or 20 milligrams will 
suffice in some instances, especially on the clean 
side of an efficient arrestor. 
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Whenever efficiency studies are made, simul- 
taneous sampling traverses are made at two or 
more locations. Repetitive runs are sometimes 
made, although for general surveys involving 
4 number of stacks, single runs often suffice. A 
portable field telephone set has proved very 
helpful as an aid in synchronizing bi-level effi- 
ciency tests, or for use between discharge stack 
sampling personnel on the roof and process per- 
sonnel in the plant. 


Analytical Procedures 


A brief review of the analytical procedures ap- 
plied to the collected samples should promote 
understanding of our subsequent interpretation 
of results. 

Whatman, 33 x 94 mm, fat extracted, seamless, 
single paper thimbles are principally used in the 
dry procedure—alundum thimbles very infre- 
quently. Careful moisture control over labora- 
tory weighing of the paper thimbles is necessary, 
both before and after use, but with repeated 
oven-drying, desiccator cooling, and weighing un- 
der uniform conditions, weight constancies to less 
than one milligram are attained. 

The contents of standard impingers are trans- 
ferred, with careful policing and rinsing of the 
flasks and center-tubes, into previously dried 
and weighed screen or sieve sets of three inch 
diameter. The materials are wet-screened by 
successive washings first with n-butanol and fi- 
nally with n-pentane to remove oil and promote 
oven drying. Only two screen sizes are used, of 
200 and 325 mesh, with aperture openings of 74 
microns and 44 microns, respectively. The wash- 
ings are evaporated to dryness, after oil extrac- 
tion in some instances, and the residue weighed. 
The dried screens are reweighed and three weight 
fractions based on particle size are thereby at- 
tained: over 74 microns, 44 to 74 microns and 
under 44 microns. 

Before evaporation of the washings is begun, 
the material is thoroughly mixed and a relatively 
minute aliquot removed for microscopic exami- 
nation. By means of a light-field technique, en- 
tailing the use of Dunn cells and a Whipple disc 
in the eye-piece, estimate is made of the number 
of particles in each of several size ranges. Hence, 
acount distribution is arrived at in the following 
ranges: 20-44 microns, 10-20 microns, 5-10 mi- 
crons, and 5 microns or less. 

Chemical, spectrographic, Orsat or other anal- 
yses are made of collected solids, liquids and gas 
samples as needed, and titrimetric or other 
analysis with specific reagents is done in some 
instances, 
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The Significance and - Justification of Possible 
Variations 


By means of the procedure described and at 
times under seemingly impractical circumstances, 
it has been possible to ascertain degrees of com- 
phance with existing regulatory codes, to com- 
pare air cleaner performance data for different 
types of cleaners on given applications, and to 
further the selection of new and replacement 
equipment. 

Many variables that are often encountered, 
including temperature, pressure, water vapor, 
particle size and chemical, aerodynamic and 
other considerations have limiting effects on any 
sampling procedure. 

Some of the inherent steps and analytical or 
other concepts that contribute to the over-all 
ability of this procedure to approach sample 
“representativeness” may be summarized as fol- 
lows: 

(1) In selecting sampling locations, judgment 
must be used to make the “best compro- 
mise with the ideal”. In some cases, how- 
ever, even a single sampling traverse direc- 
tion will suffice. 

To offset increasingly unfavorable aero- 
dynamie conditions, just as with an in- 
crease in cross-sectional area, a correspond- 
ingly larger number of equal-area centers 
should be included in each velocity and 
sampling traverse. 

It is recognized that under highly aniso- 
kinetic circumstances, as when extreme 
turbulence causes complete mixing, repre- 
sentiveness has to be based on homogeneity 
and related averaging processes. 

The sampling rate and probe nozzle orifice 
sizes are made as large as pump capacities 
and meter calibrations will permit, and 
sampling durations sufficiently long to av- 
erage out the result of process change. 
Integral-head filter holders are placed in 
the gas stream to eliminate impingement in 
hard to clean right angle inlet probes. 
Standard impingers are preceded by modi- 
fied impingers at times to prolong runs by 
prior removal of larger particles. 

Water vapor is recognized as part of the 
carrying medium, and with the exception 
of gas analysis in combustion processes, 
the results are not put on a dry basis, nor 
is importance attached to minor changes 
from normal in the specifie gravity of the 
air or gas usually encountered. 

By using orifice flow meters, significant de- 
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lays in arriving at desired air flows are 
eliminated. 

As collection efficiency nears 100 per cent, 
where smaller and smaller differences are 
important, the weight arrested per unit 
time divided by the corresponding inlet 
rate approaches unity and sampling error 
tends to cancel out. In fact, if the same per- 
centage error is made on both sides of a 
collector, and the sign is unchanged, error 
in collector efficiency results is nil. 

The determination of collection efficiency 
of a dust arrestor on a per cent by weight 
basis is of limited value unless particle size 
distribution is considered. By combining 
particle size distribution and mass rate 
data from this procedure, a good picture is 
obtained as to the degree of arrestance of 
material: above 74 microns in size, between 
44 and 74 microns, and below 44 microns. 
Count distribution among the less than 44 
micron weight grouping is of more limited 
value. However, the degree to which en- 
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larger size particles in this particular 
weight fraction. 


Conclusions 


The sampling procedure described, although 
fundamentally based on established procedures 
has been aimed at representativeness in sample 
collection as opposed to isokinetic sampling per 
se. 

Metering, sampling and analytical variations 
were described which provide the versatility and 
sampling efficiency needed for the attainment of 
meaningful engineering data. Field efficiency has 
also been increased by these means, and this has 
proved to be especially important where systems 
of numerous types at widespread geographic lo- 
cations are to be evaluated. 
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richment of the less than five micron size 
particles is seen in outlet versus inlet 
samples reflects a greater arrest of the 


An Atr PoLLuTION ConTROL MEASURE 
ECRETARY ABRAHAM RIBICOFF of the U.S. Department of Health, Educa- 


tion, and Welfare praised the General Services Administration for acting to im- 
prove Federally purchased motor vehicles in two important ways—requiring seatbelt 
anchors for passenger safety and positive crankcase ventilation systems, known as 
“blowby” devices, to reduce the vehicle’s contribution to community air pollution. 
The General Services Administration currently purchases about 7,000 new motor 
vehicles each year. 

Following discussions between the Divisions of Air Pollution and Accident Preven- 
tion of the Public Health Service and the Federal Supply Service, the General Services 
Administration recently issued interim Federal specifications for gasoline-powered 
vehicles. The amended specifications require positive crankcase ventilation systems 
for control of “blowby” emissions, and seatbelt anchors suitable for snap-on seatbelt 
hooks for all 1962 and subsequent models. At present these devices are not standard 
but are available as optional equipment at extra cost to purchasers desiring them. 
Crankcase ventilation devices are factory installed by the manufacturers on a volun- 
tary basis on new vehicles delivered this year in the State of California. Secretary 
Ribicoff has urged their installation at the factory as standard equipment on all new 
motor vehicles delivered anywhere in this country. The positive crankcase ventilation 
systems are reported to reduce the total emissions of hydrocarbons in automotive 
engine exhaust by about 25 per cent at a very nominal cost. 
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A Study of Beryllium Exposures at a High 
Explosive Assembly Test Facility 


RAYMOND O. CAMPBELL 


Lawrence Radiation Laboratory, University of California, Livermore, California 


The firing of explosive assemblies containing beryllium creates a potential hazard of 
widespread contamination by finely divided and oxidized beryllium. A description 
of the facilities involved and the results of a study of the degree of contamination 
are presented. A program of personal hygiene and facility housekeeping for the pro- 
tection of workers from beryllium contamination is described. 


HE use of beryllium metal is continually 

expanding. There are many articles in the 
literature relating to the uses, control, and tox- 
icity of beryllium and its compounds. Few studies 
have been reported which are concerned with 
widespread contamination out of doors. The in- 
creased use of beryllium metal in space vehicles 
creates a need for this type of information. The 
static testing of rocket motors usually takes place 
out-of-doors and in relatively remote areas. Test- 
ing rocket motors which have beryllium com- 
ponents may result in widespread contamina- 
tion. 

This is a report of industrial hygiene problems 
associated with the operation of a high explosive 
assembly test facility wherein large numbers of 
beryllium metal assemblies have been detonated. 
This situation in certain aspects’ simulates antici- 
pated problems in rocket motor testing. 


Test Facility 


The high explosive assembly test facility of 
the University of California Lawrence Radiation 
Laboratory (UCRL) is located in San Joaquin 
County approximately fifteen miles east of Liver- 
more and eight miles west of Tracy, California. 
The terrain is hilly and dry; yearly rainfall is 
approximately 12 to 15 inches; temperature 
ranges from 18°F in the winter to 110°F in the 
summer, and the wind direction is predominantly 
from the southwest. 

Concrete structures (bunkers), illustrated in 
Figure 1, are used to house diagnostic equipment 
and personnel. A typical bunker measures ap- 
proximately 75 ft x 55 ft. Each bunker is air- 
conditioned and pressurized with respect to the 
outside air. All air supplied to the bunker is 
filtered using absolute filters. Air changes occur 
at a rate of three to four times per hour. 

Functions at this site can be divided into four 


major activities: test firmg of high explosive 
assemblies, high explosive processing and fabri- 
cation, process development, and related support 


research.’ 


Data from three bunkers are mentioned in 


the report. The activities carried on at each of 
these bunkers are as follows: 


Bunker 301 is equipped to use high speed 
cameras to record events following detonation 
of high explosive assemblies. 

Bunker 302 obtains the same type of in- 
formation by use of electronic equipment. 

Bunker 312 is equipped with a linear ac- 
celerator that produces high energy x rays, 
which also serves as part of the test equipment. 
For the past five years test firing of high ex- 


plosive test assemblies has been conducted at this 
facility. During this period several tons of beryl- 


lium metal have been included in the high ex- 
plosive assemblies. Beryllium metal fired in this 
manner becomes air-borne in a finely divided and 
oxidized form. 


Sampling Procedure 


Sampling of air, soil, coveralls, surfaces, water, 


and respirators are included in the survey pro- 
gram. Air sampling was accomplished by three 
devices: breathing zone samplers attached to 
personnel or held over their shoulder next to the 
face, historical samplers (24-hour) located at 
fixed points, and portable samplers which were 
used inside the bunker. Breathing zone samples 
on the table were obtained by using a Jacobson 
Hi-Torque pump with a 1.8 hp motor. The 
sampling rate was 8 cfm using Whatman TFA 


#41 filter paper. 


High and low volume samplers were used inside 


the bunker. Locations for sampling within bunk- 
ers were selected on the basis of personnel activity 
and likelihood of intrusion and infiltration due 
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Ficure 1. Front view of concrete Bunker 302. 


to blast conditions. The high volume samplers 
operated at a rate of 16 cfm; the low volume 
samplers at 2 and 4 cfm. 

Historical samples were obtained from fixed 
locations within and distant to the test area. 
These samples were collected for a 24-hour sam- 
pling period. All sample papers were changed 
daily except for a sampler located at Tracy which 
was changed on a weekly basis. 

Firing table soil was analyzed for beryllium 
at frequent intervals. Approximately 200 to 400 
grams of coarse gravel was obtained for each 
sample. This was sifted through a 325-mesh 
screen. The sifted material was analyzed for 
beryllium. Samples were taken at the point of 
firing and at varying distances outward. 

Coveralls worn by personnel who worked on 
the firing table or in the bunkers were analyzed 
for beryllium. The wearer’s activities were logged 
with respect to the type of activity the person had 
engaged in and the time involved. These coveralls 
were washed by hand in distilled water, and the 
wash water was analyzed for beryllium. Socks 
were subjected to the same treatment. 

Surfaces inside the bunker were wiped for 
beryllium. These surfaces include the floor, table 
tops, walls, overhead pipes, cabinet tops, and 
other areas suspected of harboring beryllium 


dust. A typical wipe sample covers an area of 
100 em?’ and is obtained by using an apparatus 
that marks off the desired dimensions. All samples 
are taken with filter paper or Kimwipes. 

Water samples were routinely collected from 
the wells which furnish water to the facility. 
Single-use milk cartons were used as the sam- 
pling containers to minimize the possibility of 
external contamination. 

Respirator cartridges were analyzed for beryl- 
lium. Cartridges were selected following various 
personnel activities on the firing table. 


Beryllium Analysis 


Upon receipt, air, wipe, and liquid samples are 
acid digested in 80% concentrated nitric and 
20% concentrated perchloric acid. The dry 325- 
mesh fraction from soil samples is oven-dried 
prior to acid digestion. Respirator cartridges are 
dry-ashed at 450°C and then acid digested. The 
acid solution is analyzed for beryllium using the 
Sill and Willis? technique as modified by N. L. 
Smith of UCRL. The modified procedure is a 
follows: 

Impurities in the acid digest are removed by a 
beryllium-aluminum co-precipitation in the pres 
ence of mercaptoacetic acid. After adjusting the 
pH of the purified beryllium solution to 11.5 and 
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Figure 2. Plan view of Bunker 302 showing relative sample sites for survey. 


the sodium perchlorate salt concentration to 1N, 
the reagent morin (pentahydroxyflavone) is 
added to the sample. The fluorescence of the 
beryllium-morin compound thus formed is meas- 
ured and compared to standards. 


Results 


Figure 2 is a plan view of the bunker interior 
and exterior. The approximate locations where 
samples were taken during this study, which was 
conducted in 1959 and 1960, are indicated. Pre- 
sented in Tables I through IV are the results 
of samples taken during various phases of ac- 
tivity in the bunker environment and surround- 
ing area, 

All but 11 of 56 air samples taken in Bunker 
302 measured less than 0.01 yg of beryllium per 
cubie meter of air. Results of the eleven meas- 
wrable samples are illustrated in Table I. Sixty 
air samples were taken outside Bunkers 302 and 
312. Samples were taken in the breathing zone 
of personnel while they were engaged in routine 
activities. Forty-five of the sample results meas- 
ured less than 0.1 pg/m*. Those activities which 


demonstrated higher results are shown in Ta- 
ble II. 

Historical (24-hour) air samples were taken 
at distances of 2600 feet north by northwest, 
4200 feet west, 4800 feet southeast, and 8.4 miles 
to the northeast of Bunker 302. A total of 749 
samples were taken and all results were zero. 

Soil samples were taken at the test site and 
control samples were taken at various locations 
in the Livermore Valley area. The Valley area 
was divided into three zones. The zones are, re- 
spectively, 0 to 2 miles; 2 to 5 miles; and 5 to 
10 miles from the Laboratory. The average of 36 
samples in zones 1 and 2 was 0.5 ywg/g of soil. 
The average of 36 samples in the third zone was 
1 pg/g of soil. These samples reflect the 325-mesh 
fractions of soil samples. At Bunkers 301, 302, 
and 312, soil samples were taken at ground zero 
and radially outward to distances of 1000 feet. 
The results of the 325-mesh fractions are illus- 
trated in Figure 3. 

Several soil samples collected at the test site 
were sieved into three fractions: less than 44 
microns; 44 through 149 microns; and larger 
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TaBLe I 
Air Samples inside Bunker 302 


| Beryllium Con- 
centration (ug/m*) 


Station 


Inside bunker door (during shot) | 0.14 | | 0. 02 
Inside bunker door (after shot) tes 05 | 0.01 
Inside main door 

Control room 

Office... 


TaBLe II 


Breathing Zone Air Samples Outside 
Bunkers 302 and 312 


Beryllium Concen- 
tration (ug/m*) 


Work Activity or Location 


Maxi- | | Mini-| 
age | 


Cable manipulation. ... 0.27 
Loading debris into truck : -i- | 0.44 
Raking and stacking debris....| 0.95 | 0.1 | 0.30 | 
Grading and leveling gravel...... — | — | 0.15 | 
Cleaning hose pit box...........| — | 2.40 | 


| 


Outside bunker door....... ..| 0.2 | 0.19 


Outside apron during shot. 


than 149 microns in diameter. A typical distribu- 
tion of the fractions is illustrated in Table III. 

In Bunker 302, 145 wipe samples were taken. 
Of all samples taken, four were greater than 0.01 
ug/em’. The average of these four positive sam- 
ples was 3.5 yg/em’*. The tops and bottoms of 
several pairs of shoes were wiped. The highest 
value obtained from these samples was 1.6 
pg/em*. 

At the test site there are six wells which pro- 
vide water for the project. Three wells are lo- 
cated in the immediate firing area and the re- 
mainder outside this area. From these six wells 
202 samples were taken. Of these, six were 
greater than 1 pg/liter. The maximum reading 
obtained was 2.5 yg/liter, and in this instance 
sample contamination was suspected. Upon re- 
sampling, this was substantiated. Tap water 
from the Laboratory in Livermore was assayed 
for beryllium and all sample results were zero. 

Table IV illustrates the results obtained from 
washing coveralls and socks of personnel follow- 
ing work on the firing table. Serving as controls 
were clean coveralls and socks not worn on the 
table. Thirteen respirator cartridges were ana- 
lyzed for beryllium. Ten of these cartridges had 
less than 0.2 pg/cartridge, and the remaining 
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cartridges were 0.8, 2.0, and 2.8 yg, cartridge, 
respectively. Respirator ‘cartridges not worn on 
the table were assayed for beryllium. All results 
were zero. 


Discussion 


The presented data indicates that the interior 
of the bunker is free from contamination, as 
anticipated. This is best explained by the cop. 
struction, the method of ventilation, and the ef- 
fort put into keeping the interior of the bunker 
clean. Bunker housekeeping is required to meet 
very high standards. For instance, the following 
tasks are routinely accomplished as indicated: 
floors are vacuumed daily; the Mechanical 
Equipment Room is vacuumed weekly; and the 
air-conditioning ducts, light fixtures, tops of 
electronic racks, pipes, ete., are cleaned monthly 
by vacuuming. i 

The build-up of beryllium on the firing table 
and surrounding area was surprisingly low. This 
finding seems best explained by several factors. 
Beryllium, being a light metal, when subjected 
to these detonations is either vaporized or oxi- 
dized to some extent and widely dispersed by the 
wind and air currents. Results of the soil sam- 
ples indicate that most of the material is con- 
fined to within a couple hundred feet of the firing 
table. This finding resulted in establishing arbi- 
trary operational limits for beryllium in the soil. 
When these limits are exceeded the area is de- 
contaminated. This is usually accomplished by 
the removal of soil, covering with a layer of un- 
contaminated soil, and/or spraying with water or 
oil. The limits are as follows: 

1. 500 yg/gram of soil in areas where be- 
ryllium operations are in progress provided 
that the average air-borne concentration in the 
area does not exceed 2.0 wg/m’, and the short- 
term (30 minute) concentration does not ex- 
ceed 25 pg/m*. 

2. 100 wg/gram for on-site areas where be- 
ryllium operations are not in progress, pro 
vided that the average air concentrations in 
the area do not exceed 0.2 yg/m*, and short- 
term concentrations do not exceed 25 yg/m’. 

In addition, craters made by detonations are 
back-filled with fresh gravel; thus a continual 
dilution of the firing table contamination occurs. 

A potential air-borne risk occurs when firing 
table material is moved or disturbed. Data on 
protective clothing indicate that beryllium could 
be transported to other on-site areas or to the 
home environment if controls were not exercised. 
On the basis of these results the following per- 
sonal hygiene and safety practices were estab- 
lished to safeguard the health and welfare of per- 
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Soil Samples Expressed as % by Weight Beryllium Found in Coveralls and Socks after 


Use on Firing Table 
er or Bery]lium Fractions - = 


Location - Sl Beryllium | No. of Coveralls 
e be- <44 | 44to149| >149 | Concentration | per (ug/coverall) | pota) 
vided Microns | Microns | Microns Time Worn on (ug/coverall) Range | No. of 


n the WM Table. ... 2.5% 1% | 82.8% Maxi- | Mini- | 37 to ” 

short- 312 Table "30% | 86.9% mum 112 
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Northwest Area of Site 2.6% 35. 51.9% 0 (Control). ..... <19 
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short- area. These are summarized as follows: 

3 
A. Industrial Hygiene Practices 1 
Is are : 23 
tinual 1. For personnel who work on or frequent the 40... | <19 | 
ecurs. firing table, protective clothing is required. If Socks @pairs)..| 178 | <19 | 2 | | 
firing the gravel on the table is to be moved, a half- 

Single value recorded as maximum value 

ita on mask respirator with a high efficiency filter is 
could provided. Protective clothing, changed on a daily 
to the basis, includes laboratory-provided coveralls, 2. A ten-minute waiting period is mandatory 
reised. shoes, socks, and caps. Visitors to the table are before personnel are allowed on the firing table 
ig per- allowed during periods when no gravel or table after the detonation of a high explosive test as- 
estab- material is being disturbed. Shoe protection, in sembly. This period, while the personnel are 
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BUNKER ROOF 
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FIRING TABLE 


Ficure 4. General view of site showing relative locations of Bunker 302 roof and firing 


table. 


by the test-fired assembly to dissipate to such 
an extent that virtually no air-borne contami- 
nants remain. 

3. The interior and exterior of the bunkers 
are cleaned on a routine basis. Vacuuming of 
floors and walls rather than sweeping, for ex- 
ample, typifies the techniques employed. Ex- 
terior bunker walls, docks, and stairs are rou- 
tinely washed down with water. Vehicles used 
to transport personnel and equipment are 
cleaned by vacuuming the interior and washing 
the exterior. 

Personnel who work only inside the bunker 
are not required to follow the above practices. 
Inside, the bunker is considered a “clean” area. 
Therefore, those personnel need not wear pro- 
tective clothing. 

The top of each bunker, illustrated in Figure 
4, is covered with loose gravel to a depth of ap- 
proximately 16 feet. Gravel serves as a shock ab- 
sorber for hydrodynamic test assemblies. Prior to 
and after the test firing of each hydrodynamic 
assembly the table is sprayed with water. After 
each test firing the crater made by the test as- 
sembly is back-filled with fresh gravel. Water 


tends to keep the dust from rising, and back-: 


filling reduces the build-up of beryllium concen- 
trations at the point of firing. 


B. Change Room and Eating Area 


At present, personnel change their clothing at 
a centrally located facility. All personnel are re- 
quired to pass through this facility prior to going 
to the firing area. At the entrance to each 
bunker a sink is provided for personnel to wash 
their hands. Eating areas inside each bunker are 
provided. 


C. Surface Contamination 


The interior of each bunker is clean. In order 
to preserve this concept, high standards of clean- 
liness are required. With this in mind it was nee- 
essary to establish arbitrary operational stand- 
ards for beryllium contamination within the 
bunker interior and for other equipment used at 
the test facility. The standards for surface con- 
tamination are as follows: 


floors and walls 
unenclosed equipment 


0.02 »g/em* 
0.01 pg/em’. 


Should these values be exceeded, the contami- 
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nated area would be thoroughly cleaned. This is 
accomplished by the use of soap and water or by 
yacuuming. 


Summary 


A study was made of beryllium exposures at a 
high explosive assembly test facility. Beryllium 
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practices are necessary to safeguard the health 
and welfare of personnel who are associated with 
this type of facility. 
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metal, included in high explosive assemblies when 
detonated, is vaporized, oxidized, and widely 
dispersed by wind and air currents, and that 
which remains is confined within a few hundred 
feet of the firing table. Results of the investiga- 
tion indicate that the disturbing or moving of 
firing table material, such as by digging or rak- *- 
ing, demonstrated the most significant findings. 
The industrial hygiene practices that are em- 
ployed at the test facility are described. These 
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New ReEsEARCH CENTER 


HE KOPPERS COMPANY, INC. on August 28, 1961, dedicated a new, large re- 
search facility at Somervell Park, Monroeville, Pennsylvania. It represents an in- 
vestment of approximately eight and one-half million dollars although only about 
one-third of the buildings planned for the 176 acre site have been completed. No firm 


schedule for construction of the remaining buildings has been set, however the Center 
will eventually be able to house over 1500 scientists and their assistants, about four 
times its present population. The Center itself consists of a 5-story administration 
building, three 3-story interconnecting laboratory wings and several outlying auxiliary 
buildings. A feature of the Center which contributes to its easy expansibility are the 
glass enclosed stairways at the end of each wing for easy removal when additions are 
to be made. Besides this new Center, Koppers operates eight other research and de- 
velopment facilities of varying sizes where product and process control, application 
research, and pilot plant operations are the principal activities. 

Until relatively recently, Koppers Company, Inc. had been largely identified with 
engineering and construction, mostly in the steel industry, coal by-products, wood 
preserving, fabricated metal products, and merchant coke plants. Now they have 
moved into the fields of chemicals and plastics with a vigorous research program for 
new product development. At the dedication of the new Center Mr. Fred C. Foy, 
Chairman of the Board, mentioned some of the current research projects in boron 
chemistry, plastics for building materials, fiber reactive dyes, chemical intermediates, 
a dye for anodized aluminum, and a process for the desalinization of sea water. 
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Making Known Concentrations for 
Instrument Calibration 


H. N. COTABISH, M.LS., P. 


W. McCONNAUGHEY, B.S., 


and H. C. MESSER, B.S. 


Technical Products Division, 
Pittsburgh, 


Tine Safety Appliances Company, 
Pennsylvania 


The use of prepared gas samples of known concentrations is imperative for the 
calibration and verification of the performance of many industrial hygiene and safety 
instruments. Batch (static) and continuous mixing (dynamic) techniques for pre- 
paring and using known mixtures are described with discussion of advantages and 


limitations. The use of commercial field 
widely accepted. 


Introduction 


HE need to know whether a work place is safe 

for workers has prompted over the years the 
development of innumerable instruments and 
other devices to monitor industrial atmospheres 
for toxic and explosive concentrations of gases 
and vapors. The industrial hygienist who trusts 
one of these devices to make such a determina- 
tion where the health and safety of workers is 
involved will sooner or later wish to verify for 
himself that the answer which is given him is the 
right answer. The simplest and quickest method 
of performing such an integrity test is to sample 
from a source of contaminant of known concen- 
tration. 

The method by which mixtures of gases and 
vapors are made for this purpose, and the cer- 
tainty with which they are labeled “known” is of 
concern equally to the person who will use the 
mixture to check his monitoring devices, and to 
the manufacturer who has provided him with 
these devices. It is the purpose of this paper to 
outline in useful detail several of these methods 
which have enjoyed rather widespread accept- 
ance, and to discuss necessary precautions and 
possible pitfalls sufficiently that the user may ob- 
tain meaningful and reliable results from his ef- 
forts. It is hoped that with adequate awareness 
of the ease with which proper calibrations may be 
performed, there will be a corresponding decrease 
in the use of practices which are of questionable 
value and which further may have a damaging 
effect on the elements of instruments involved. 

There are many procedures which have been 
employed from time to time and for more or less 
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test kits and compressed gas cylinders is 


special applications which will not be covered in 
detail. Many of these have been published, and 
where the method appears to be of sufficient in- 
terest, a reference will be found. Recently one 
writer, Gilliland’ has summarized a number of 
methods but not in sufficient detail to be useful 
in setting up and operating any of the methods 
discussed. The methods discussed in the follow- 
ing, while primarily of interest in calibration of 
devices for detection of toxic and explosive haz- 
ards are equally applicable to other calibration 
problems, and have seen much use in calibration 
of process stream analyzers of many types. 

In toxic and explosive hazard work, the con- 
centration of the contaminant which is of inter- 
est can vary over a very wide range. As an ex- 
ample, the Threshold Limit Value for arsine is 
50 parts per billion, while that for ethanol is 1000 
parts per million, which is 20,000 times greater. 
A good source of this information is the yearly 
publication of Threshold Limit Values by the 
American Conference of Governmental Indus- 
trial Hygienists. 

Explosive limit values are at a much higher 
level, and the interest is generally in the lower 
explosive limit, or LEL. Typical values are 1% 
for octane, 4.0% for hydrogen, 5.3% for methane, 
and 12.5% for carbon monoxide. A good souree of 
this information is Bulletin Number 503 of the 
U.S. Bureau of Mines (1952), or in Fire-Hazard 
Properties of Certain Fammable Liquids, Gases 
and Volatile Solids National Fire Protection 
Association Booklet No. 325 (1960). 

The predictable mixing of gases and vapors is 
made possible by the gas laws (Boyle, Charles, 
Dalton, and Avogadro) which are familiar to 
most of us. At atmospheric pressure, most gases 
and vapors behave essentially as ideal gases. 
However, at pressures higher than atmospherie 
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most depart from ideality, some more rapidly 
than others, and serious errors can result if ap- 
propriate corrections are not employed. For most 
of the procedures to be described here, ideality 
corrections are unnecessary. Compressibility data 
is readily available, however, and corrections can 
be made using these if desired. 

The easiest and most used classification of 
methods of preparing known mixes for calibra- 
tion purposes is batch and continuous. The first 
of these prepares a definite, generally small vol- 
ume and is used where smaller quantities will 
suffice. Where larger volumes are needed, a con- 
tinuous stream is prepared. A simple, easy to 
follow procedure for a basic mixture by either 
method will be described, followed by various 
useful modifications of details in order to cope 
with special requirements. 


Batch Methods 


Fired Volume 


The choice of container in which to prepare a 
batch sample will depend on the size of the 
sample needed and the nature of the gases or 
vapors from which the sample is to be prepared, 
assuming that a rigid container is selected. Glass 
is a convenient material and is frequently used 
because of its ready availability and general in- 
ertness. Materials which are reactive to or ad- 
sorptive to the constituents of the mixture are 
unsuitable. Volume of the container should be 
at least four times the volume of the sample 
which will be required to be drawn from it. 

Figure 1 illustrates a typical assembly for 
which a 5-gallon glass bottle has been selected 
as the container. Three connections are shown 
through the stopper which seals the bottle neck. 
One short connection to the top is used for filling, 
the other for sampling. The third or long con- 
nection which extends to the bottom is used to 
admit makeup air during use to maintain at- 
mospheric pressure in the bottle. If makeup air 
is admitted at the top through one of the short 
tubes, at high withdrawal rates the makeup air 
will stream in so rapidly that mixing with occur 
from top to bottom and the concentration will 
fall rapidly. At low flows—a fraction of a liter 
per minute—however, it is often preferable to 
withdraw from the bottom and make up at the 
top because mixing danger is minimized by the 
low flow and dilution of the sample by stopper 
leakage is less likely. 

The volume of gas or volatile liquid required 
to produce a given concentration in a container 
of known volume may be calculated by the fol- 
lowing equations. These equations assume pure 
gas or liquid. Use of gas or liquid less than 100% 


= SAMPLE INLET 


PIPETTE OR BURETTE 


SAMPLE OUTLET 
50-100 CC/MIN. 


—ABSORBING PAPER 


ALUMINUM 
FOIL STRIPS 


Figure 1. Use of 5-gallon mixing bottle. 


will require that the caleulated volumes be in- 
creased proportionally. 
A. Mixtures in Percentage Composition 
C, x 001 x Vz (1) 


C; X 0.01 Vu X MW, X 273.1 xP 


Vi. = 
dy X 22,400 X 760 xX T 


B. Mixtures in Parts Per Million Composition 


Ve =. Vu (3) 


_C:X% Va X MW, X 273.1 X P 


Vi = (4) 
dy, X 22,400 x 760 x T Xx 106 


where 


is required volume of contaminant gas 
in mi, 

is required volume of contaminant liq- 
uid in ml at temperature 7, 

is desired final contaminant concentra- 
tion in per cent, 

is desired final contaminant concentra- 
tion in ppm, 

is volume of housing or container in ml, 
is molecular weight of contaminant liq- 
uid, 

is barometric pressure in mm Hg, 

is density of contaminant liquid in gm 
per ml at temperature 7, and 

is temperature of apparatus °K. 


The calculated volume of contaminant gas or 
volatile liquid required may be added by glass 
syringe, burette, pipette, or ampoule. During ad- 
dition of gases to a container, a slight suction 
should be maintained on the container (as with 
the water aspirator) so that all of the gass added 
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will be drawn into the main body of the mixture. 

For low concentrations, the liquid is allowed 
to drip onto a piece of suspended filter paper 
rather than fall into the bottom of the container. 
To insure mixing of the vaporized liquid, strips 
of aluminum foil are included which may tumble 
through the gas and promote mixing as the bottle 
is repeatedly inverted. Samples in larger con- 
tainers such as drums and carboys may be mixed 
with a small motor-driven fan through a mereury 
seal. 

As a general rule for containers having a vol- 
ume of one to five gallons, about one-fourth of 
the gas mixture may be withdrawn before diffu- 
sion or mixing of makeup air into the sample 
causes a noticeable reduction in gas concentra- 
tion. 

Stead and Taylor® have attacked this prob- 
lem somewhat differently by attempting to in- 
sure perfect mixing and by using the calculated 
diluted concentration value as samples are se- 
quentially withdrawn. 

Setterlind® has used several bottles, all filled 
with the same mixture, in series, and has demon- 
strated that for a fivefold increase in sample 
volume mixed, a thirtyfold increase is made in 
usable sample thereby. 


Variable Volume 


Another approach to avoiding dilution and 
thus making more of the mixed sample available 
for use is the substitution of a non-rigid con- 
tainer, such as a flexible bag of plastic or metal 
foil, or a gas holder for the bottle or drum de- 
scribed previously. With these devices a reduc- 
tion in contained volume occurs as the sample 
is withdrawn and concentration remains fixed. 
Use of the flexible bag can also remove the size 
limitations which often attach to rigid containers. 
Extruded or fabricated bags can be obtained or 
made to quite large volumes at insignificant cost. 
This method cannot be used if one of the gases or 
vapors in the mixture can dissolve in, diffuse 
through or adsorb on the walls of the container, 
or can be absorbed in the liquid in the seal of the 
gas holder. These are important limitations and 
definite knowledge of them should be secured 
prior to experiments. A limited amount of wall 
adsorption is probably always present, and if 
concentrations being dealt with are so low that 
results are vitiated in this manner, a prior mix 
and flush will generally result in conditioned 
walls. 

In filling containers of variable and thus un- 
certain volume, the air or gas is metered in and 
the fill is stopped before the container is com- 
pletely full to avoid back pressure. The minor 
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constituent is bled in about midway of the filling 
cycle. 

The metal gas holder with liquid seal and ye. 
movable top bell has been found convenient jn 
preparation of samples requiring more or less 
large volumes of volatile liquids because it per- 
mits easy internal installation of heaters for 
vaporization and fans for mixing of the sample 
prior to use. 

Under certain circumstances mixture of gases 
or vapors in the explosive range may be desired, 
as when testing flash-back arrestors. In such 
cases, the volume of explosive mixture should be 
kept small (just large enough for the test), the 
container should have a blowout panel, and the 
apparatus should be surrounded by shields to 
protect personnel. Use of a gas holder with a 
water seal will limit these mixtures to atmos 
pherie pressure, and if a sheet of cellophane is 
used as a cover on the top of an open bell, pro- 
tection against damage by explosion will be 
maintained. Use of such a setup has proven sue- 
cessful with hydrogen-oxygen mixtures, but is 
still hazardous with mixtures of acetylene and 
oxygen. 

A typical procedure for filling and using a flexi- 
ble bag follows: 

(1) Deflate the bag to as near zero volume as 

possible. 

Meter air into the bag until it is slightly 
less than formed. 

Bleed a measured volume of contaminant 
by means of a suitable gas burette into 
the metered air entering the bag during 
the middle of the filling operation. 

Mix by pressing on various parts of the 
bag and/or having loose strips of metal 
or plastic foil in the bag as it is turned 
end for end or revolved. 


Pressure Cylinders 


A modification of the batch technique which 
ean furnish larger quantities and at elevated 
pressure is the preparation of a mixture of the 
desired composition in a gas cylinder. 

Such mixtures may be prepared at pressures of 
10 atmospheres in Air Force oxygen cylinders or 
at higher pressures in appropriate gas cylinders. 
The method for low pressure cylinders has been 
described recently by Baker and Zinn‘ and the 
method may be extended to cover high pressure 
cylinders. Cylinders are first evacuated, then 
filled in steps using accurate gauges and pure 
gases so that the partial pressure of each gas (the 
difference between initial and final cylinder pres- 
sures as the gas is added) is equal to the product 
of the mole fraction of the gas in the mixture and 
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PRESSURE GAUGES 
TO GAS CYLINDERS 


Vv 
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Ficure 2. Low pressure cylinder filling device. 


TO HIGH PRESSURE CYLINDERS 
{3000 PSI GAUGES 
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CALIBRATION 
VACUUM CYLINDERS 


Ficure 3. High pressure cylinder filling device. 


the final absolute cylinder pressure. Cylinders over a period of thirty minutes so that heat gen- 
may be filled on the equipment illustrated sche- erated by compression of the gas may be dis- 
matically in Figures 2 (low pressure) and 3 (high sipated, gas mixtures accurate to 1% of the gas 
pressure) . concentration may be prepared. 

By using the low pressure apparatus with ac- Compressibility of non-ideal gas becomes a 
curate gauges and filling the cylinders slowly problem at either low or high pressures by this 
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method, and corrections must be made if a veri- 
fying analysis is not to be made. This is ade- 
quately covered by Baker and Zinn.‘ 

High pressure cylinders are more difficult to 
prepare in a short period of time because the mass 
of gas and cylinder is greater and the heat effect 
is greater due to the compression to a higher 
pressure. Such cylinders filled, then analyzed for 
gas composition, have shown the following devia- 
tion from the desired gas concentration: 


Deviation from Desired Gas 
Concentration 


Total Percentage of Cylinders 
Filled 


None 
+5% 


Preparation of mixtures of low concentrations 
in the 0-1000 ppm range are best made by two 
mixes. A cylinder is first prepared containing 1% 
of the desired gas, then this mixture is diluted to 
obtain the low gas concentration. 

Since the preparation of high pressure gas cyl- 
inders might be difficult and dangerous for many 
laboratories, such mixtures may be purchased 
from several sources. These cylinders are satis- 
factory sources of calibration gases such as car- 
bon monoxide, carbon dioxide, hydrogen, meth- 
ane, ethylene, etc., and may be purchased at a 
pressure of about 1500 psi. Cylinders containing 
vapors of volatile liquids or of gas concentrations 
such that the partial pressure of the gas in the 
cylinder is near the vapor pressure of the gas at 
the lowest temperature to which the cylinder will 
be exposed require care in storage and use. The 
pressure to which such a cylinder may be filled 
may be much lower than 1500 psi. The cylinder 
pressure which may be used is determined by the 
ratio of the saturated vapor pressure of the 
vapor at the lowest anticipated temperature of 
storage and use and the mole fraction of the 
vapor in the cylinder. For example, a cylinder 
to contain 1% by volume of acetone in air for 
use at 5°C could be filled to a pressure of 1.72 + 
0.01 or 172 psia (since the vapor pressure of 
acetone at 5°C is 89 mm Hg or 1.72 psi). This is 
equivalent to 181 psia or 166 psig at 70°F. 

Storage of this cylinder at a temperature below 
5°C would result in condensation of liquid acetone 
and a change in the gas concentration. Before 
such a cylinder may be used with accurate re- 
sults, the cylinder must be warmed and mixed 
to reconstitute the gas mixture. 

High pressure cylinders of ordinary gases may 
be used with reducing valves for calibration pur- 
poses. However, some gases, hexane, benzene, 
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etc., will be absorbed in the diaphragms of some 
reducing valves and any rubber tubing used, 
Such mixtures should be used through needle 
valves and metal connectors, taking care that the 
flow system is open to prevent buildup of unsafe 
pressures. 

A number of general precautions may be men- 
tioned. For obvious reasons, mixtures within or 
approaching the explosive range should not be 
made. When oxygen (or air) is to be part of q 
mixture, the mixing procedure should be planned 
so as never to pass through the explosive range 
during the mixing process. This is most often 
accomplished by diluting the combustible with 
nitrogen prior to adding oxygen. 

Certain substances with relatively high positive 
heats of formation (acetylene can be used as a 
typical example) can detonate when the pressure 
is raised, even in the absence of a combustible 
mixture or of oxygen. In the case of acetylene, 
manifold partial pressures in excess of one at- 
mosphere absolute are not permitted. The ae- 
ceptable pressure varies from compound to com- 
pound, and hazardous materials should not be 
used unless definite knowledge of any necessary 
precaution is available. Many people limit ma- 
terials from which manifolds and connections 
may be fabricated to non-copper bearing alloys 
because of the danger of formation of copper 
acetylid. 

The stability of mixtures prepared in high 
pressure cylinders may be good or it may be bad, 
and this depends on several factors including ma- 
terial from which the cylinder is constructed, its 
cleanliness, the nature of the gas mixture, and 
the peculiarities of the individual constituents. 
A calibration cylinder of carbon monoxide in air 
prepared at the National Bureau of Standards 
has maintained a constant concentration for a 
period now in excess of 5 years. A cylinder con- 
taining a small concentration of hexane in nitro- 
gen has exhibited stability in excess of two years. 
On the other hand, a cylinder with 42% HCN in 
nitrogen has been losing concentration at the rate 
of 15-20% per year for three years, primarily 
because of a polymerization reaction with HCN. 

Cylinders containing nickel carbonyl in nitro- 
gen lose their Ni(CO), content completely in a 
very short period of time. Similar concentration: 
with carbon monoxide substituted for nitrogen 
also disappear if the original Ni(CO), is not 
above 100 ppm. However, a 350 ppm concentra- 
tion reduces in a period of about a month to 250 
ppm then remains stable at this level. This is be- 
cause of the ready decomposition of Ni(CO), im 
the presence of traces of oxygen and water vapor. 
The mass effect of CO on the equilibrium of the 
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reaction has a stabilizing influence even though 
residual oxygen and water vapor effects are still 

In general, mixtures In which the gas of inter- 
est is at a low ppm level may be expected to de- 
crease in concentration level over a long period 
of time. Wall adsorption in a large cylinder 
probably accounts for a considerable proportion 
of the loss which is experienced, but reaction, de- 
composition, and polymerization are important 
contributors also. 

It is hoped that the complexity of the appa- 
ratus and the precautions which have been cited 
will discourage all but the most careful investi- 
gators from attempting this high pressure mixing. 
Ifuse of such an apparatus appears advantageous 
to you, be sure your equipment is adequate and 
clean, that proper safeguards exist for both op- 
erating and surrounding personnel, and that you 
have a thorough knowledge of all the materials 
you wish to handle. Failing this, buy your high 
pressure mixtures from one of the commercial 
sources. 

Field Kits 

A good example of the batch mixture method, 
engineered for simplicity of use in the field is the 
J-W Gas Indicator Test Kit (Figure 4) which is 
composed of a soft plastic bottle (350 ec) with a 
special cap and 24 glass ampoules filled with 
methane. All are packed in a white cardboard 
box container measuring 714” x 454” x 23%”. 

Each sealed ampoule is filled with a measured 
volume of combustible gas. The ampoule is 
broken in the plastic bottle by vigorously shaking 
the closed container until the ampoule is shat- 
tered by the metal “breaker”. When the ampoule 
is broken, a specific methane-air mixture is 
formed. 

The gas-air mixture is then forced from the 
soft plastic bottle by squeezing it as desired into 
the inlet of the instrument being checked. It is 
important that the grip not be relaxed or air 
will be drawn in and dilute the sample. The plas- 
tie container is flushed several times with air be- 
fore reuse. 

Another device which performs a similar field 
test function is the MSA Field Calibrator. As 
illustrated in Figure 5, it consists of a metal gas 
holder capable of producing approximately 600 
ml of gas-air mixture, a pressure container for 
holding and dispensing combustible gas, a eali- 
brated syringe for measuring the combustible 
gas volume and transferring it to the gas holder, 
and small cartridges of compressed gas (isobu- 


tane). The gas holder is a cylinder and piston 
assembly. 


Ficure 4. J-W Gas Indicator Test Kit. 


The calibrator is operated as follows: a car- 
tridge of compressed gas similar to those used in 
desk-type cigarette lighters, holding enough gas 
for approximately 100 tests is placed into the 
pessure container and as the cap is closed, the 
cartridge is punctured, allowing the gas to escape 
into the container, where it is confined by means 
of a pressure type release valve. The air in the 
gas holder is expelled by seating the piston as far 
as possible. The calibrated syringe is then com- 
pletely filled with gas by momentary contact with 
the pressure release valve on the gas container. 

The desired volume of gas is measured by ex- 
pelling the excess gas from the syringe by means 
of the piston, and the syringe is then attached 
to the gas holder. As the piston is raised, the gas 
in the syringe is drawn into the holder. When suc- 
tion is created as the syringe piston seats, a small 
valve in the plunger opens, admitting air to the 
gas holder to complete the sample volume and 
produce mixing. The syringe is then disconnected 
from the gas holder and the combustible gas in- 
dicator sampling line is attached by means of the 
adapter, which opens a check valve in the con- 
nection to the holder so that the gas mixture can 
be withdrawn. 

For field use, both the J-W and the MSA de- 
vices are extremely convenient. They are small, 
lightweight, readily carried about, and require 
no external accessories in order to set up and 
make tests on instruments. 


Continuous Flow Methods 


Basic Mixing System 


The basie requirements for a continuous gas 
mixing system are very simple; two streams of 
accurately metered gas and a mixing chamber. 
This typically simple system is illustrated in Fig- 
ure 6. Metering is accomplished by control of 
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Figure 5. MSA Field Calibrator. 
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Ficure 6. Continuous gas mixer. 


the pressure drop across calibrated orifices or 
capillaries in the individual lines. Calibration 
establishes the relation between volume flow 
through the orifice or capillary and pressure drop 
across it, and the manometers illustrated allow 
ready monitoring of adjustments to verify the 


mixture being made. A needle valve between the 
pressured source of gas or air and the orifice, and 
an overflow tube to permit easy adjustment of 
pressure and venting of surges make the system 
easy to keep at a constant: output. Adjustment 
is accomplished by fixing the hydrostatic head 
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against which overflow is possible, and regulating 
the needle valve to a slow steady bubbling from 
this overflow. Such a system should vent to the 
atmosphere to avoid problems with back pres- 
sure. It is convenient to construct such systems 
of glass and with ground tapered or ball joints, 
assembly and disassembly is not difficult. Alter- 
natively, metals and other materials with plastic 
and rubber tubing for connections may be used, 
but only if it is known that adsorption and dif- 
fusion do not occur and vitiate the results. 

Selection of orifices and capillaries to provide 
proper flows at convenient pressure differentials 
js desirable. Orifices may be drilled plates, or 
short lengths of larger bore capillary or heavy 
wall glass tubing, and can accommodate flows 
from several hundred to several thousand mI per 
minute. Capillaries which are readily available in 
glass from laboratory supply houses are useful for 
flows down to a limit of about one ml per minute. 
Below this, they are difficult to obtain, and more- 
over, plug too readily to be useful in such an ap- 
paratus. Operating pressure differentials should 
be selected in a range above 50 mm H.O to as 
high as 250 to 300 so that significant adjustment 
can be made, and so that the minimum observable 
manometer fluctuation, which is generally about 
a millimeter, does not constitute a significant 
change in operating conditions. 

Adherence to these principles generally does 
not permit a sufficent range of operating condi- 
tions to arrive at contaminant concentrations in 
the low ppm range without excessive air flows. 
This may be overcome by using a first mixture 
as described above as the feed contaminant to 
one orifice of the second stage of a two stage 
mixture, where it is again diluted with another 
air stream to the desired level. Such an apparatus 
is generally referred to as a Double Dilution 
Apparatus. The considerations involved in such 
a setup are identical to those already covered 
with the exception that the first stage must op- 
erate at a sufficiently high back pressure to feed 
the second stage. 

Calculations involve simple ratios of volume 
flows: 


"Wi + Vas 

V2 
Ve + J A2 


C 


where 


(, is purity of inlet contaminant stream, con- 
sistent units; 

C, is effluent contaminant concentration from 
first stage, consistent units; 
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is efluent contaminant concentration from 
second stage, consistent units; 

is contaminant stream flow, first stage, 
consistent units; 

is contaminant stream flow, second stage, 
consistent units; 

is air stream flow, first stage, consistent 
units; and 

is air stream flow, second stage, consistent 
units. 


One or two additional words of caution are 
helpful to those using this method: 

(1) Allow adequate time for equilibrium to be 

established when starting up. Lines to and 
from capillaries metering a few ml of gas 
per minute do not flush rapidly. This prob- 
lem can be minimized during the design 
and assembly period by avoiding dead 
volumes and long lines. 
Clogging of orifices and capillaries with 
dirt, dust, or products of decomposition 
of the gas being metered ean vitiate eali- 
brations over the course of time. Analysis 
of the effluent or a periodic recheck of 
calibrations can avoid this type of diffi- 
culty. 

(3) Loss of gas by absorption or reaction with 
manometer liquids is possible if liquid se- 
lection is not carefully made. 

A very useful modification of the basic pres- 
sure control system described above where varia- 
tion of back pressure is likely to occur is the 
scheme described by Oberfell and Mase® in 1919, 
and later patented by Mase® in 1924. The details 
of this scheme are shown in Figure 7. The basic 
flow pattern is identical to that of Figure 6 as 
described above. Its difference resides in the 
treatment of the pressure control portion. A 
pressure compensating connection is made from 
the effluent side of the flowmeters to the trapped 
gas space above the liquid in the large bottle to 
the left, labeled A. Tubes B and C serve a similar 
function to the pressure control tubes of Figure 
6. Adjustment of the depth of the center bubbler 
tube regulates the hydrostatic head against 
which overflow of excess gas occurs, and thus 
fixes the differential pressure across its respective 
capillary or orifice. If the mixing bottle exhausts 
to atmosphere, the level of liquid in the tubes B 
and C will coincide with that in the bottle at A. 
If, however, the mixing bottle exhausts to a pres- 
sure higher than atmospheric, this back pressure 
will be communicated via the pressure compen- 
sating tube to the closed space A above the liquid 
in the bottle. This increased pressure will in turn 
cause a rise in the liquid in tubes B and C above 
that at A, thus raising the hydrostatic head 
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Figure 7. Modified Mase mixer for calibration gas. 
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Figure 8. Vapor saturator. 


against which excess gas can escape. The net re- 
sult is an almost constant differential across the 
orifices or capillaries, and hence, an almost con- 
stant flow. 

It is obvious that the pressure compensation 
afforded by this apparatus is not absolute since 
a rise of level in tubes B and C is accompanied 
by a fall of level in bottle A. This fall is in pro- 
portion to the relative cross sections of tubes B 
and C and bottle A. The cross section of the bot- 
tles should be at least 50 times and preferably 


100 times the cross section of the tubes B and C. 

Up to now concern has been with continuous 
mixing of two gas streams. If one of the constitu- 
ents is to be the vapor of a volatile liquid, then 
there are several useful methods available which 
can be substituted for the metered flow of gas 
which has been discussed. 


Pure Liquids 


For pure liquids, the saturation method illus- 
trated in Figure 8 is convenient. Depending upon 
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the vapor pressure of the liquid to be vaporized, 
the first saturator may be maintained at room 
temperature, or at a slightly elevated tempera- 
ture, and its effluent passed to a second saturator 
which is maintained at a somewhat reduced tem- 
perature in a constant temperature bath. The 
temperature of melting ice is often the most con- 
yenient level for this second saturator. 

A flow of inert gas appropriate to the analysis 
involved is bubbled through the two saturators 
in series, picking up the vapor of the liquid to 
be volatilized. Saturation in a single saturator is 
seldom complete, often running as low as 50%, 
and infrequently higher than 90%. If the stream 
from the first saturator is passed to the second 
at a fixed and lower temperature, condensation 
should take place, and it should then be safe to 
assume 100% saturation at the fixed temperature 
of the second saturator, and Dalton’s law of par- 
tial pressure should give an accurate value for 
concentration in this stream. With liquids (such 
as hydrogen fluoride) which tend to produce 
mists or fogs when so treated, it may be neces- 
sary to filter and then warm the stream after it 
has left the final saturator. The effluent stream 
may now be treated as a gas stream and metered 
by previously described techniques into other 
gas streams. 

If saturation is attempted at temperatures 
much above room, the possibility of recondensa- 
tion in connecting lines should not be overlooked. 
In cases such as this, maintenance of heated lines 
all the way from the saturator to a point where 
dilution removes this necessity may be required. 
In normal industrial hygiene work, concentra- 
tions of this order should not be needed. 

Before passing to the treatment of liquid mix- 
tures, reference should be made to the diffusion 
method of McKelvey and Hoelscher.’ This ap- 
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paratus, which is conveniently constructed of 
glass, and maintained in a constant temperature 
bath, contains the liquid to be vaporized in a 
lower container, about half-full, and its vapor is 
picked up in the gas stream passing through an 
upper chamber as it continuously diffuses up 
through a center connecting tube. With this 
diffusion cell extremely dilute gas mixtures can 
be produced continuously over a wide range of 
concentrations. Use of diffusion cells has been 
critically reviewed by Altshuller and Cohen*® who 
prefer the Stefan-type cell which has no liquid 
reservoir, but stores liquid in the lower sealed 
end of the diffusion tube. 


Liquid Mixtures 


With impure liquids, and with liquid mixtures, 
the vaporization may be expected to approxi- 
mately follow Raoult’s law (actually Raoult’s 
law is exactly followed by very few mixtures) 
which states that the partial pressure of a vapor 
above a liquid is proportional to its vapor pres- 
sure in the pure state at that temperature mul- 
tiplied by its mole fraction in the liquid mixture. 
A distillation is thus continuously occurring and 
the composition of both the vapor and the liquid 
from which it is being generated are undergoing 
change. For this reason, other methods are pref- 
erable for vaporizing impure liquids and liquid 
mixtures such as displacement and subsequent 
vaporization on a continuous basis. 

A simple method which has been used many 
places for this purpose is the use of a clock motor 
to lower a bob of accurate dimensions into a cyl- 
inder of liquid, displacing a uniform amount of 
liquid from the cylinder. The liquid is subse- 
quently and continuously vaporized on a heated 
wick. The liquid thus evaporated is representative 
of the composition of the original liquid. Care 
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must be taken in the design of such an overflow 
system to avoid siphoning or capillary action 
which can result in an intermittent pulsing type 
of liquid flow. 


Motor Driven Syringe 


A more sophisticated and basically more satis- 
factory method of displacement is the use of a 
motor-screw-driven syringe. A commercial ver- 
sion of this device is available in the Davis Cali- 
brator, the basic components of which are shown 
in Figure 9. This method is satisfactory with 
either a liquid or a gas fill in the syringe. The 
particular assembly illustrated is for use with 
gas since no vaporizer is shown in conjunction 
with the syringe feed. A constant speed motor, 
coupled to a gear reducer, driving an accurately 
cut screw to which is coupled a syringe of uniform 
bore will result in a constant displacement of the 
content of the syringe. The Davis unit uses a one 
rpm drive on a 40-thread-per-inch screw coupled 
to a 50-ml syringe of 17-ml-per-inch volume, so 
the displacement is 17/40 ml (0.425 ml) per min- 
ute. With gas in the syringe and an airflow of 
4.25 liters per minute, a concentration of 100 
ppm would result. With liquid, an additional cal- 
culation would be involved to relate liquid vol- 
ume displaced to gas volume generated: 

V Vi X dy X 22,400 X 760 x T = 
of MW, X P X 273.1 
where 


is volume of gas generated, ml per min- 

ute, 

is volume of liquid displaced, ml per 

minute, 

is density of liquid at temperature T 

is gram molecular weight of liquid, 

is atmospheric pressure, mm Hg, 
temperature of liquid, degrees K. 


If the syringe is discharging gas, it may be fed 
directly into the stream of metered air as indi- 
cated. If the syringe is to discharge liquid, a 
heated vaporizer should be located in the metered 
air stream to receive the output of the syringe. 
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A third method of uniform liquid displacement 
is that described by Calcote.* Liquid feed ig ae. 
complished by its displacement from a tube by 
mercury which is in turn displaced from its reser. 
voir by a constant flow of air. The constant air 
flow is achieved against the increasing back pres. 
sure of the mercury column by use of a sonic 
orifice. The primary advantage of this system 
over those described previously is the ease with 
which the delivery rate can be varied by adjust- 
ment of the controlled pressure applied to the 
upstream side of the sonic orifice. A further ad- 
vantage is the extended period over which such 
a device may be used if a long liquid tube is em- 
ployed. This is especially notable when it is com- 
pared to the limited length of the average syringe, 

All of these liquid displacement methods can 
be seen to be limited to the amount of liquid 
stored in the reservoir, and to this extent are 
batch methods. However, the time of exhaustion 
can be so long compared to the time necessary for 
refill and restart that for practical purposes the 
liquid displacement procedures may be contin- 
uous methods. 
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Personnel Protection Program for 


Industrial Use of Krypton-85 


E. I. GELLER, M.D., F. X. WORDEN, M.S., G. CASSIDY, B.S., 
and C. Y. BARTHOLOMEW, M.S. 


Western Electric Company, Allentown, Pennsylvania, and Bell Telephone Laboratories, 
Allentown, Pennsylvania 


Krypton-85 has recently replaced radium bromide as the residual ionization source in 
cold cathode gas discharge tubes manufactured by the Western Electric Company. 
This change was carried out to reduce radiation exposure to personnel during manu- 
facture and use of the tubes. The personnel protection program, which had been in 
effect for radium bromide, was modified to conform to the special properties of 
krypton-85. This modified program consists of area monitoring, personnel monitoring, 
and occupational medical examinations. Some occupational exposure data are given 
and are compared to similar data for radium bromide. The use of krypton-85 has 
reduced the radiation exposure of the employees below the previously low levels en- 
countered when radium bromide was used. 


Introduction 


RYPTON-S85 used in industry introduces a 

possible radiation exposure of personnel. 
This article discusses the present personnel pro- 
tection program accompanying the use of kryp- 
ton-85 by the Western Electric Company in elec- 
tron tube manufacture. 

Formerly radium bromide was used in cold 
cathode gas tubes manufactured by this com- 
pany to stabilize the breakdown voltage and 
promote rapid establishment of the discharge. 
Recently, conversion to krypton-85 in place of 
radium bromide’ was carried out for two primary 
reasons : 

(1) To reduce radiation exposure during tube 
manufacture. 

(2) To reduce external radiation from com- 
pleted tubes. 

A personnel protection program accompany- 
ing the use of radium in electron tube manufac- 
ture was set up when radium bromide was first 
introduced some years ago. Since krypton-85 is 
a’ gaseous material and is handled differently from 
radium bromide, a modified personnel protection 
program was inaugurated to conform to the spe- 
cial properties of krypton-85. 

Radiations are negligible from Western Elec- 
trie electron tubes containing krypton-85 as nor- 
mally installed in use. Therefore special precau- 
tionary measures by the user are unnecessary 
unless required by local regulations. 
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Licensing 


Since krypton-85 is a radioactive material 
which is a by-product of nuclear reactors it can 
only be used under a license issued by the Atomic 
Energy Commission. Title 10, Chapter 1, Part 
30, of the Code of Federal Regulations’ contains 
the provisions for issuance of a license to manu- 
facture, produce, transfer, receive, acquire, own, 
possess, use, import or export by-product mate- 
rial. The licensing provisions assure control of 
the by-product material and set up an inspection 
and regulatory procedure to maintain safe plant 
operating conditions. At the present time, a spe- 
cific license is not required by the general public 
to possess or use tubes containing less than five 
microcuries each of krypton-85. 


Properties of Krypton-85 


In Table I, some properties of krypton-85* * 
are given along with corresponding properties of 
some other radioactive materials for compari- 
son.” "* Table II gives the range of B rays from 
krypton-85 in various materials,* while Table ITI 
gives thicknesses of various materials which re- 
duce the intensity of y rays from krypton-85 to 
one-tenth their incident intensity. The data in 
Tables II and III provide a basis for designing 
shields against the radiations from krypton-85. 

Krypton-85 represents a much smaller internal 
radiation hazard to the human body than other 
available radioactive materials because it is gase- 
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TABLE I 
Properties of Krypton-85 Compared to 


Some Other Materials?: 4: 5: 7 


Property Kr-85 Co-60 Cs-137 Radium* 


82-88 
206-226 
1620 yr. 

| 4.8, 5.3, 5.5, 
6.0, 7.7 
.65, 1.2, 1.8, 
3.1 max. 
-05, .18, .77, 
1.8 


Atomic number 

Atomic weight 137 
Half-life 10.3 yr. | 5.27 yr. 33 yr. 
a-emission MeV - 


.672 max.| .314 max.) .51, 1.2 
max. 
y-emission MeV .517 1.17, 1.33 .661 


8-emission MeV 


a % of total 0.0 0.0 0.0 
B % of total 99.54 33 51 
y % of total 0.46 67 49 


* In equilibrium with its decay products. 


TABLE II 


Maximum Range of 8 Rays from Krypton-85* 


Max. Range in 


Material 


-007 
Iron -012 
Aluminum -025 
Glass -03 
Concrete 
Lucite 
Water (or tissue) 
Air 


TaB_eE III 
Thickness of Various Materials Necessary 
Reduce y-rays From Krypton-85 to 
One-tenth Intensity® 


Thickness in 


Material Inches 


Water (or tissue) 9.3 
Carbon 

Concrete 

Aluminum 

Iron 

Lead 

Tungsten 


ous, insoluble in body fluids, and chemically in- 
ert. Therefore, any krypton-85 brought in con- 
tact with the body is not bound there, but is soon 
dispersed under normal conditions. 


Maximum Permissible Exposure 


Industrial exposure to krypton-85 can be of 
two types. The first type is exposure to gamma 
and beta radiations emanating from sealed 
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sources such as storage tanks and completed elec. 
tron tubes, and the second type is exposure from 
escaped krypton-85 in the air. The general legal 
regulations concerning these exposures are given 
in the Code of Federal Regulations Title 10, 
Chapter 1, Part 20. The various states have legal 
regulations of their own, and these may be more 
restrictive than the Federal Regulations in some 
cases. Limits on radiation exposure from sealed 
sources” are given in Table IV. The maximum 
permissible concentrations for krypton-85 in air” 
are given in Table V. The term “restricted are” 
in this table refers to an area, access to which js 
controlled by radiation protection personnel, 
whereas the term “unrestricted area” refers to 
residential areas and other places access to which 
is not under such control. In industrial installa- 
tions, manufacturing and storage areas could be 
considered restricted areas, while offices and the 
grounds could be considered unrestricted areas, 


Personnel Monitoring 


In order to assure that the above limits are 
being met, external radiation and concentration 
of krypton-85 in the air must be measured. For 
personnel monitoring, film badges and _ pocket 
ionization chambers are commonly used. A flow- 
through ionization chamber is a preferred method 
for measuring the concentration of krypton-85 
in air. 

For routine personnel monitoring, pocket ioni- 
zation chambers are used in the present program. 


TABLE IV 


Federal Maximum Permissible External Exposure 
Rems per Calendar Quarter 


. Whole body; head and trunk; active blood 
forming organs; lens of eyes; gonads ; 14% 
. Hands and forearms; feet and ankles 1834 
3. Skin of whole body 74 


Exposure to whole body may reach 3 rems in a given 
calendar quarter, provided the accumulated dose does 
not exceed 5(N-18) rems where N stands for the individ- 
ual’s age in years, and also provided required records are 
kept. 


TABLE V 


Maximum Permissible Concentrations 
of Krypton-85 in Air 


Maximum 
Permissible 
Concentration 


Type of Area | Exposure Basis 


| 3 X 


Unrestricted. . Continuous 


Restricted. ... 


1 X 10-5pc/em? | 40 hours per week 
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Figure 1. Automatic exhaust and gas fill machine for use of krypton-85 by Western Electric 


Company in electron tube manufacture. 


They are preferred for this program because they 
permit the most convenient and rapid acquisition 
of exposure data. The pocket ionization cham- 
bers are not as useful for monitoring f rays as 
film badges are, but, since it is found that B 
radiation from krypton-85 contained in storage 
tanks or completed electron tubes is negligible, 
this is not a serious limitation. Film badges were 
used in addition to pocket ionization chambers 
during the establishment of the krypton-85 per- 
sonnel protection program, but are now used 
only on a spot check basis. 

Personnel monitoring is part of the general oc- 
cupational medical examination program. Only 
a small fraction of the employees of the company 
is exposed to krypton-85; all of these are mon- 
itored with pocket ionization chambers according 
to the following schedule. Employees new to the 
program are monitored weekly for 13 weeks. If 
an employee has an average dose less than 40 
milliroentgens per week, he is thence forward 
monitored for one week every 13 weeks. If an 
employee has an average dose from 40 to 100 mil- 
liroentgens per week, he continues to be moni- 
tored weekly. If an employee has any one level 
of exposure above 100 milliroentgens per week, 
he is assigned to another job while the case is 
investigated by the Industrial Hygienist. 


Area Monitoring 


The minute trace amount of krypton-85 used 
in electron tube manufacture is an integral part 


of the neon-argon gas mixtures as purchased from 
the supplier in standard rare gas pressure cylin- 
ders. It is injected into the electron tubes by an 
automatic exhaust and gas fill machine directly 
from the cylinders through a gas metering sys- 
tem, Figure 1. Since gas leaks are possible when 
cylinders are connected, it is necessary to check 
for radioactive gas leaks. For this purpose a port- 
able hand carried air monitor of the continuous 
sampling type is used, Figure 2.” 

Most instruments of this type are sensitive to 
flames, cigarette smoke, dust, and radio fre- 
quencies. A modification of this instrument, in- 
corporating a radio frequency filter in the 110- 
volt power input removes enough of the 
interference due to the radio frequencies and 
“line noise” so that a leak can be readily detected. 
Since the portable air monitor does not have the 
sensitivity required to detect the maximum per- 
missible concentration of krypton-85 in the air 
for unrestricted areas (3 X 107 ue/em*), a more 
sensitive air monitor is necessary to assure maxi- 
mum personnel protection. The continuous air 
sampling sensitive air monitor, Figure 3, has a 
built-in particle filter and an electrostatic filter 
which permit detection below the maximum per- 
missible concentration with only slight interfer- 
ence from spurious disturbances.” Mounted on 
a tool cart, it can be relocated in various areas 
with a minimum of effort. It can be set up with 
a recorder to record the radiation level in various 
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Ficure 2. Machine setter checks for gas leak at 
pressure cylinder connection using portable radio- 
active gas detector. An Atomic Accessories Tritium 
Monitor Model TSM-91, calibrated for krypton-85, 
is being used. 


manufacturing areas and to monitor strategic 
locations inside and outside the plant periodically. 

The production area, packaging and shipping 
area, gas storage area, and analytical laboratory 
are designated “restricted areas’. They are sur- 
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veyed at least monthly using a portable survey 
meter to determine if there is excessive radiation 
from concentrations of krypton-85 in sealed 
sources or from leaks. These areas are identified 
by approved caution signs” and are outlined by 
a tape marking on the floor. A record of the sur- 
veys is kept by the Industrial Hygienist. 


Occupational Medical Examinations 


Exposure to radiations from radioactive ma- 
terials may produce serious burns and cancer, 
while the blood and blood-forming organs can be 
profoundly affected. Table VI gives some symp- 
toms, conditions, and diseases associated with 
severe radiation exposure. Maximum permissible 
exposure limits have been set so that there is very 
slight possibility of these symptoms ever being 
observed. The protection program is designed to 
insure that the actual exposure is well below 
these maximum limits. Nevertheless routine oe- 
cupational examinations are performed; the tests 
used are listed in Table VII. 

The employee is then questioned about any 
subjective symptoms, and all subjective and ob- 
jective signs are noted on the employee’s chart. 
Records of occupational examinations are kept 
with the employee’s medical record in the medi- 
cal department until five years after his termina- 
tion of service. If any suspicious findings are re- 
vealed during this examination the employee is 
immediately assigned to a job in an area removed 


Ficure 3. Messrs. Cassidy (on left) and Bartholomew discussing sensitive air monitor that 


is used to measure the concentration of krypton-85 in the plant atmosphere. The instrument 
isa Tracerlab Krypton-85 Monitor. 
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TaBLe VI 


with Severe Radiation Exposure 


1. Severe dermatitis or destruction of skin and nails. 
2. Radiation burns. 

3. Necrosis of bones. 

4, Anemia, leukemia, leucopenia. 

5. Genetic changes or sterility. 

6. Cancer 

7. Death 


TaBLe VII 


Occupational Examination Tests 


i. Check pocket chamber readings. 

2. Record temperature, pulse and respiration. 

3. Record blood pressure. 

4. Record menstrual history on all females. 

5. Urinalysis and complete blood count. 

6. Physical 
skin, 

throat, and heart. 


examination, including inspection of 


nails, ears, eyes, mouth, gums, teeth, 


Symptoms, Conditions and Diseases Associated 
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from the area of exposure, and the employee is 
kept under observation. 


Occupational Exposure Data 


Figure 4 gives some average occupational ex- 
posures at the Allentown Works to krypton-85 
radiations for a typical 13-week period compared 
to similar data from past records when radium 
bromide was in use. The data presented here are 
for workers who are assigned to the handling and 
use of krypton-85. Workers not so assigned are 
found to have exposures not higher than back- 
ground. It is seen that typical average external 
exposure to krypton-85 is about 40 per cent that 
of radium. 


Marking, Shipping, and Disposal of Krypton-85 
Tubes 


Electron tubes must be marked according to 
the provisions of the specific license under which 


7. X-ray chest (routinely, depending on age). they are manufactured. Individual tube con- 


tainers must be marked according to CFR Part 
20, paragraph 20.203f.” For krypton-85 this re- 
quires individual tube carton marking on all 
tubes which contain more than 0.1 microcurie of 
krypton-85. 

Shipping containers for common carrier trans- 
port are marked according to Interstate Com- 
merce Commission regulations.* The ICC dia- 
mond-shaped label is required on the outside 
surfaces of packages of gamma-emitting materials 
when the gamma radiation at the outside sur- 
face of the package exceeds 10 milliroentgens per 
24 hours. When the label is required, the radia- 
tion level in milliroentgens per hour at a distance 
of one meter must be recorded on the label. Par- 
cel post shipments containing not more than 1.3 
millicuries may be made provided the package 
is properly marked.” 

Disposal of by-product radioactive material 
must be in accordance with CFR Title 10, Part 
20, paragraph 20.301 to 20.305. Disposal in sani- 
tary sewerage systems and by burial in the soil 
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Figure 4. Comparison of average radiation ex- 
posure from radium and krypton-85 in electron tube 
manufacture. 


TaBLe VIII 


of Protection Program 


Summary 


Schedule 


Remarks Responsible for Records 


Personnel Monitoring Medical Dept. 


Weekly or quarterly Pocket chamber used 


Area Monitoring 


a. Work areas | Daily and when tanks are changed | Hand carried air monitor plus sensitive air 


monitor 


Industrial Hygienist 


b. Exhaust stack 
Storage areas 


Semiannually 
Monthly 


Sensitive air monitor 


Industrial Hygienist 
| Portable survey meter 


Industrial Hygienist 


Occupational Exam. | Quarterly 


Medical Dept. 
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is permitted under certain restrictions. Disposal 
by incineration is prohibited. Application for 
permission to use special disposal methods may 
be made to the AEC. 

The present Western Electric Company tube 
disposal program, authorized by the AKC, is as 
follows: In the manufacturing plant, tubes are 
crushed under a hood which is vented to the out- 
side atmosphere. The crushed maierial is ex- 
amined for residual radioactivity, and, if none is 
found, is disposed of as normal scrap. Any resi- 
dues found radioactive are encased in concrete 
and disposed of at sea. Tubes in the field may be 
broken in a well ventilated place and then dis- 
posed of as normal broken electron tubes at rates 
not exceeding 100 tubes per week from any one 
location. 


Public Relations 


Only the public relations organization is au- 
thorized to give information to the public and 
the press regarding the use of radioactive ma- 
terials in the plant and the personnel protection 
program used. In case of any accident or over- 
exposure, it is authorized to discuss the incident 
with the press and public. It is the policy in deal- 
ing with the public in these matters to be com- 
pletely frank and above-board, and to withhold 
no information which bears on the health and 
safety of the employees and the public. 


Conclusions 


The use of krypton-85 in the Western Electric 
Allentown Works has reduced the exposure of 
the employees below the previous low values en- 
countered when radium was used. The personnel 
protection program described is summarized in 
Table VIII, and is designed to maintain a com- 
plete history of personnel exposure to radiation 
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and to keep this exposure to the lowest. possible 
level. 
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Firrh ANNvAL INSTITUTE FoR PuHysIcIANS IN INDUSTRY 


HE COLUMBIA UNIVERSITY SCHOOL of Public Health and Administrative 

Medicine has announced its Fifth Annual Institute for Physicians in Industry to 
be held March 12 through March 17, 1962. This Institute will follow quite closely the 
pattern and material of the preceding Institutes. Subject material will cover epi- 
demiology, toxicology, ionizing radiation, air pollution, and a general review of occu- 
pational medicine based on the subject matter of the specialty board examinations. 
In order that those attending the Institute may derive maximum benefit from the 
presentations, enrollment will be limited as in the past. 

Inquiries and requests for enrollment forms should be addressed to: 

The Program of Continuation Education-Occupational Medicine 

Columbia University School of Public Health and Administrative Medicine 

600 West 168th Street, New York 32, New York. 
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Design of a Radon 


Exposure System 


ROBERT H. WILSON, B.S. 


University of Rochester, Atomic Energy Project, Rochester 20, New York 


A laboratory facility for the exposure of animals (mice) to known concentrations of 
radon in an inhalation toxicity chamber is described in some detail. A dynamic system 
is used providing for intermittent or long-term exposures. De-emanation of a radium 
chloride solution by aeration is used as the source. Exposures to radon provides diffuse 
irradiation of the respiratory tract by an alpha-emitter as contrasted to discrete par- 


ticulate sources. 


Introduction 


HE study of the effects of inhaled radon gas 

is of interest from both an academic and a 
practical standpoint. In the former instance ra- 
don is unique in being an alpha-emitting gas, and 
is therefore a diffuse irradiator in the respiratory 
tract, whereas other alpha-emitters which have 
been studied in inhalation exposures have been 
in the form of particulate or discrete irradiators. 
Comparisons between diffuse and discrete dosage 
in the respiratory tract can add further light to 
the important question of the significance of 
localization of alpha-emitters and subsequent in- 
tensified irradiation of limited areas. 

The practical problem arises in connection with 
the uranium mining industry. As a member of 
the uranium decay series, radon is found in all 
uranium mines. Its control is not difficult; ade- 
quate ventilation of the working faces, tunnels 
and shafts will serve to dilute or sweep out any 
radon released during drilling, shooting, or muck- 
ing operations. In the larger mines, however, the 
amount of ventilating air required may be very 
large and adequate ventilation may be difficult to 
achieve, particularly if radon is diffusing from 
other surfaces in addition to those being worked. 

It is important, therefore, to establish the re- 
liability of the currently used limit for radon 
levels, and to determine the safety factor asso- 
ciated with this limit, since in some mines con- 
centrations are occasionally found which greatly 
exceed permissible levels. 


Background 


Since the inception of studies on inhaled radio- 
active materials at this laboratory, there has been 
marked interest in radon as a test substance. 

This paper is based on work performed under contract 
No. W-7401-eng-49 with the United States Atomic Energy 


Commission at the University of Rochester Atomic Energy 
Project, Rochester, New York. 
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Morken has studied both the acute toxicity’ and 
chronic toxicity in mice,’ to establish baseline 
information for the comparison of diffuse- 
irradiator and _ localized-irradiator concepts 
under acute exposure conditions. These studies 
also served to indicate what leve's of radon 
might be tolerated for relatively long periods by 
mice (up to the normal lifespan of the mouse). 
One of the important criteria for injury in 
long-term studies is the possible enhancement of 
lung tumor incidence, since a great deal of dis- 
cussion has centered around the fate of the 
Joachimsthal miners, many of whom are said to 
have died from radiation-induced lung cancers. 
It was evidently necessary, then, to develop a 
radon exposure system which would reliably 
provide known and reasonably uniform air con- 
centrations of this gas for long periods of time. 


Design Criteria 


In developing a system for long-term ex- 
posures of large numbers of mice to radon at- 
mospheres, advantage was taken, as far as 
possible, of Morken’s experiences with his small- 
scale acute exposure system, but it was soon 
evident that marked differences existed between 
the two systems. First, large animal populations 
are necessary for statistical significance of any 
results bearing on lifespan shortening or tumor 
incidence. Second, it is desirable to expose the 
animals for as many of the 168 hours in a week 
as possible. Third, for several reasons (among 
them gamma activity buildup and concentration 
control) the recirculation system used by Morken 
was deemed unfeasible, for a scaled-up version. 

The final arrangement is shown schematically 
in Figure 1. The major components of the ex- 
posure system are the chamber and its controls, 
the radon generator, and the sampling system. 
All components were installed in the Cold Ani- 
mal Room of the Radioactive Inhalation Labo- 
ratory.’ This highly specialized laboratory pro- 
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Ficure 1. Schematic diagram of the radon inhalation exposure system, showing the flow of 
ventilating air and radon into the chamber, the chamber concentration sampling system, and 


the chamber flow controls. 


vides a number of the facilities needed for the 
safe use and handling of considerable quantities 
of radium and radon. 


The Radon Exposure Chamber 


The chamber is the hexagonal style which has 
been described elsewhere.“ Two additional 
shelves were added to the basic design in order 
to contain the desired number of animals, and 
extra care was taken to ensure that there was 
no leakage in the chamber structure. These 
measures included taping all rigid joints in the 
chamber walls with Scotch brand #471 plastic 
film tape, sealing all shelf support rod penetra- 
tions with Kalk-Kord (Sears, Roebuck), and 
meticulously cementing a closed-cell neoprene 
gasket to the door. Such careful precautions 
were necessary in order to eliminate as much as 
possible of the undesirable leakage air so that 
total airflow through the chamber could be 
minimal. This in turn would permit a minimal 
amount of radium in the generator system. 

This unit has a maximum eapacity of 240 mice, 
and although usual practice is to condition the 
incoming air in animal exposure chambers, in 
this case it was unnecessary because (1) the 
animal heat load was low, and (2) the room in 
which the chamber was erected was already ade- 
quately conditioned for mice, and heat transfer 
through the chamber walls was sufficient to 
yield temperature equilibration between inside 


the chamber and out. A cooling coil in the inlet 
line permits addition of air cooling should it 
prove necessary in the future. 

The flow rate through the chamber is very 
low, fifty liters per minute, for a turnover rate 
of 2% air changes per hour. The rate is con- 
trolled by a plug cock for rough adjustment and 
a gate valve for fine. It is measured by a 2” 
venturi flowmeter which has a 1” throat diam- 
eter. A negative pressure of about 0.02” H,0 
is maintained at all times to ensure that any 
leakage will be inwards. This is established by 
throttling the incoming air with a gate valve. 

The chamber exhaust is connected to the 
Hot Blower System of the Radioactive Inhala- 
tion Laboratory through a glass-fiber filter, the 
purpose of which is to protect the high-effi- 
ciency filters on the blower system. A by-pass 
flushing line is provided for rapid flushing of 
the chamber in the event it were necessary to 
open it quickly. The by-pass eliminates any need 
for altering the valve settings on the normal 
flow path, which are not easy to reset to exactly 
the same values. 


The Generator System 


The generator system is similar in many Te- 
gards to dispersal systems used in studying 
toxicity of solvents or other materials having ap- 
preciable vapor pressures. Because of the severe 
health hazard of radium, however, a number of 
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complications entered into the design of this 
system. 

The size of the system was established by 
the requirements of the experiment. Previous 
experiments had shown that the optimal con- 
centration of radon in the chamber would be be- 
tween 107 and 10° curies/liter, and 5 x 10° 
was selected as a target concentration. In order 
to hold the amount of radium to a minimum, 
it was evidently desirable to have as little air 
as possible passing through the chamber, and 
it was determined that this amount should not 
be less than 50 liters/minute for the good of the 
animals. A simple calculation yields a radon 
evolution rate of 25 wc/min. 

Previous experience indicated that to remove 
the radon from radium by simple bubbling, 
without any supplemental heat, at least 200 
mg of radium would be needed. To minimize 
the formation and precipitation of radium sul- 
fate, the radium chloride was ordered with a 
barium-to-radium atom ratio of 1000:1. These 
salts were to be dissolved in 0.5N HCl, in a fur- 
ther effort to prevent deposition of the radium 
and consequent increased difficulty in removing 
radon. This set the minimum solution volume at 
about 1000 ml. 

For several reasons, it was preferable to have 
two equal-sized generators rather than one large 
one. Among these reasons were the ease of ob- 
taining standard glassware for holding the solu- 
tion, the greater ease of handling pieces of 
smaller shields (although the total amount of 
lead required was greater), and the reduction 
in the radiation problem if solution vessel 
broke. 

The design used is shown in Figure 2. The 
shield is composed of cast rings of lead, with a 
thickness of four inches. Of course, as long as de- 
emanation (i.e. removal of radon) occurs there 
is no need for shielding, but this is not a 
reasonable risk to take, since equilibrium is 
reached quite quickly, and in only a few days 
the gamma level from this amount of radium 
becomes a problem. The holes through the shield 
permit direct observation of solution level and 
generator performance. Radiation through the 
holes is minimal, and furthermore mirrors are 
used to make such observations, so that per- 
sonnel exposure is negligible. 

The principle of “defense in depth” against 
accidents is exemplified in the solution vessels. 
It is well known that glass is dangerously de- 
graded by radiation, becoming extremely brittle. 
Pyrex brand glass is considerably better in this 
regard than ordinary lime glass, but is still 
embrittled to a certain extent. To guard against 
the contingency of breakage, the solution is held 
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Figure 2. Radon generator and shield. 1. Solution 
make-up (Corning No. 6340). 2. Rubber stopper. 
3. Radium solution vessel (Corning No. 1280). 4. 
Solution retention jar (Corning No. 6920). 5. Level- 
viewing light. 6. Surgical sponges. 7. Level-viewing 
port. The shield itself is made up of nested lead 
rings which provide at least 4 inches of shielding all 
around. 


in a carefully stress-relieved Pyrex jar, which in 
turn is placed in another heavy Pyrex jar. The 
shield itself constitutes a third line of defense 
should both jars fail. 

To guard against inadvertent escape of either 
radium or radon into the laboratory, the gen- 
erators are housed in a gloved box which is 
ventilated by the Hot Blower System previously 
mentioned. A negative pressure of at least 14” 
H.O is maintained, and although the box is 
relatively small, a flow rate of 10-15 efm is main- 
tained so that any escaping radon will be swept 
out before decay and subsequent deposition of 
the daughters can occur in significant amounts: 
otherwise, unnecessarily high gamma _ levels 
would develop in the box after a leak. 

A schematic diagram of the entire generator 
system is shown in Figure 3. Building com- 
pressed air is brought in at 50 psi, and regulated 
down to 3 psi. A safety valve, set at 4 psi, is 
situated just downstream from the regulator to 
prevent overpressure on the generators if the 
regulator should fail. A normally open solenoid 
valve serves as the primary shutoff. The phi- 
losophy here is that the “safe” condition is 
continuous de-emanation of the radium. As dis- 
cussed in Ref. 4, essentially total disaster is 
necessary to cause a stoppage of ventilation in 
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Ficure 3. Schematic diagram of the radon generator system. 1. Pressure regulator, 0-10 psi, 
Hoke *804. 2. Safety valve, 4 psi; James-Pond-Clark *500. 3. Solenoid valve, normally open, 


Skinner ¥V5D 4850. 4. Needle point control 


valve, Hoke * D309. 5. Rotameter, Fisher and 


Porter, Size 2, Fig. 130, C-clamp. 6. Conditioner bubbler, Will Corporation * 15381 gas wash- 


ing bottle. 7. 
valve, Skinner ¥ V5D4350. 


this Laboratory. Therefore, if the solenoid should 
fail for any reason, flow would continue through 
the generators and the radon evolved would be 
carried up the stack; gamma level buildup in 
the solutions would not occur. 

The rate of flow through the generators is very 
low, 150 cc/min serving to de-emanate almost 
quantitatively. This is due largely to the limited 
solubility of radon, so that it is easily swept 
out of the radium solution. Flow is controlled 
by Hoke needle-point valyes and measured by 
rotameters. This flow rate was selected as the 
minimum amount of air that would give satis- 
factory de-emanation without appreciable spat- 
ter and aerosolization (but see Performance sec- 
tion). 

Before passing to the generators, the air is 
preconditioned in gas washing bottles which have 
fritted glass bubblers. These conditioners are 
filled with 0.5N HCl, and serve to humidify and 
acidify the air going to the radium solutions. 
By this treatment loss of water and acid from 
the radium solutions is minimized. 

The conditioned air is discharged well below 
the surface of the generator solutions in order 
to cause enough stirring to bring radon-rich solu- 
tion to the surface for release of the gas. Pro- 
vision is made at the generators for adding 
makeup liquid, which is required from time to 
time in spite of the preconditioning of the air. 

Air from both generators then passes through 
a soda lime acid absorber to remove any acid 
fumes carried over with the radon. This was 


Radon generator and shield. 8. Soda lime acid absorber. 9. Selector solenoid 


found necessary to protect the metal parts of the 
selector solenoid valve which directs the radon- 
laden air stream either to the chamber or to 
the stack. The “fail-safe” position on this valve 
sends the radon up the stack so that there is no 
possibility of inadvertent filling of the chamber 
with radon in the event of valve failure. 


The Sampling System 


Routine monitoring for air concentrations of 
radon is hampered by the presence of the 
daughters, which have a tendency to plate out 
on or in the sampler thus causing elevation of 
the alpha background. The system used in de- 
termining chamber concentrations compensates 
in part for this problem, but for careful evalua- 
tion of the radon level it is necessary to fall 
back on more classical methods; chamber air 
is drawn through a filter into an evacuated 
ionization chamber, and the amount of activity 
thus collected is determined with a vibrating 
reed electrometer. 

The routine assay, however, serves quite well 
to evaluate the stability of concentrations in the 
chamber over the course of the long operating 
periods. Air is drawn from the chamber, through 
a filter and into a scintillation alpha detector. 
This detector is virtually the same as the alpha 
monitors described by Morken and Wilson,’ ex- 
cept that the detector looks at a volume of radio- 
active gas rather than a filter paper. Its con- 
struction is shown in Figure 4. 

The motive power for the sampling system 
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js a White Mist #50 aquarium aerator pump, 
with its inlet modified to permit in-line installa- 
tion. It was selected because of its quietness and 
high reliability. Air is sampled at a rate of one 
liter per minute, although the actual magnitude 
of the rate is not critical. This gives a filling time 
of the detection volume of the scintillator of 
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about twenty seconds. The sampled air is ulti- 
mately discharged back into the chamber at 
about the same place as it was sampled. 

In order to minimize the confusion attendant 
upon the buildup of daughters in the detection 
volume the sample is drawn on an intermittent 
clock-controlled basis. The cycle commences 
with a background determination which lasts 
three minutes, with the sampling line open to 
room air. Then a three-way solenoid valve opens 
to the chamber sampling line, and a sample is 
drawn for fifteen minutes. At the end of the 
sampling period the three-way valve closes the 
chamber sampling line and reopens to the 
atmosphere, so that room air is drawn in (at 
the same rate) to flush the detection volume. 
This cycle is repeated hourly, 24 hours a day. 
The counting signals from the detector are fed 
to an Esterline-Angus recorder which records 
the background, rate of rise of activity in the 
detection volume, peak activity reached, and 
rate of initial flushing (for two minutes after 
the solenoid switches to room air). A typical 
chart section is reproduced in Figure 5. It should 
be noted that for a forty-minute period be- 
tween sampling cycles chart advancement is 
halted, and the pen falls along the same time 
line. 

An attempt to control daughter deposition by 


Figure 5. Segment of Esterline-Angus chart showing rate of build-up of activity in the 
sampler detection volume. Each peak represents the maximum level attained on hourly 
sampling; the chart is read from right to left. Note in particular the 20-minute sampling 
period followed by a 40-minute flushing period during which the chart is stopped. During a 
sampling cycle the chart is started, recording sampler background for four minutes, and then 
the radon-laden chamber air is admitted to the detection volume for 15 minutes. The sampler 
is then shifted to the flushing cycle (indicated by the abrupt change at the chart peak) and 
flushing continues until the next cycle. Chart advance is stopped shortly after the start of 


flushing. 
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applying a voltage across the detection volume 
was largely unsuccessful. The intent was that 
the impressed voltage would drive the pre- 
sumably charged daughters to the brass base 
plate of the detector, so that alpha particles 
from subsequent decay would be unable to 
reach the zine sulfide screen. Although no major 
investigation of the failure of this approach was 
made, it seems likely that the fields developed 
were insufficient to have the desired effect on 
the heavy daughter nuclei or to overcome the 
energy of the recoiling nuclei following decay. 
With additional attention to design considera- 
tions and physical principles, it seems likely that 
this method of controlling daughter buildup 
could be made workable, and would make 
possible continuous recording of radon con- 
centrations which were not obscured by high 
daughter levels. 


Operating Procedure 


The routine operation of the system is rela- 
tively simple. In the chamber, the animals are 
housed in Den-ko Argonne-type mouse cages, 
(Den-ko Manufacturing Company, 2300 W. 
76th Street, Chicago 20, Illinois), 10 to a cage. 
Sufficient food and water can be supplied to 
last for as long as three days. Consequently, a 
schedule was established which specified normal 
animal care (cleaning, feeding, watering) on 
Mondays, Wednesdays, and Fridays. Experi- 
ence showed that at least four hours of flushing 
with radon-free air was necessary for adequate 
removal of the contaminated chamber air, so a 
seven-day program clock was set to change the 
selector valve to send the radon from the gen- 
erators directly to the stack at four o’clock on 
these mornings; thus, by the time the caretaker 
commenced work there was no hazard associated 
with opening the door. 

Special maintenance consists of replenishing 
the solution in the conditioning bubblers as 
needed, and in the generators, since some evapo- 
ration does occur. The former is required every 
four to six weeks, while the latter occurs only 
once or twice a year. From time to time ioniza- 
tion chamber samples are drawn to ascertain the 
reliability of the hourly records. Service on the 
sampling system has been very slight. The de- 
tector has needed no service whatever, and the 
Berkley count rate meter which operates with 
it has only occasionally needed a new tube. The 
pump has been replaced once in approximately 
four years; the total radiation over this period 
had caused hardening and cracking of the rubber 
valves, seats, and diaphragm. 


October, 1961 


Performance Observations 


After several years of experience with this 
system, there are some aspects of its performance 
that are useful to point out. The most important 
of these concerns the generators themselves. 
Within the first few months of operation, it 
was noted that liquid had appeared in the soda- 
lime acid trap, and a concomitant elevation jn 
gamma background. Renewing the soda-lime 
gave only temporary amelioration, and _ before 
the cause of this difficulty was determined, some 
forty to fifty milligrams of radium were “lost” 
from the generators. Collection of this radium 
by the soda-lime trap was quite efficient, and 
it is estimated that very little of it got as far 
as the chamber or into the exhaust system. 

The cause of this loss turned out to be a 
simple problem readily solved. As first as 
sembled, conditioned air was discharged into the 
generators through fritted glass bubblers very 
similar to those in the conditioners, the intent 
being to provide a maximum area for diffusion 
of radon into the bubbles of new air. These 
bubbles, however, were of very small diameter, 
and when they burst released a very fine spray. 
The remedy consisted of simply cutting the 
fritted dise from the end of each bubbler tube, 
so that a few large bubbles were released in- 
stead of many small ones. Since this modification 
was made, there has been virtually no carry- 
over of radium. Surprisingly enough, de-emana- 
tion has been just as complete with the large 
bubbles as with the tiny ones. 

Following the loss of some of the radium, 50 
mg more were added to each of the generators. 
The total radium in the system is estimated to 
be 250 mg; for operational purposes it has not 
been necessary to define the amount any more 
precisely. Only a minimum amount of barium 
was added in this recharging; a 1000-fold atom 
ratio, as in the earlier sources, would have 
necessitated too great a solution volume. 

Another finding of some significance is that 
over the course of the years of operation, the 
available radon has decreased by a factor of two. 
This is attributed to crystallization of the bar- 
ium, carrying with it some of the radium, rather 
than further loss of radium, since no additional 
radium has been found outside the shield. It is 
believed that this phenomenon has resulted from 
a buildup in the acidity of the generator solu- 
tions as a result of preferential evaporation of 
the water. The likelihood of this explanation is 
strengthened by the operating experience during 
the latter stages of a recent experiment. During 
its course, it was found to be increasingly diffi- 
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cult to maintain adequate flow through the 
generators, and on occasion they plugged en- 
tirely. Although no direct examination was 
made, unplugging efforts indicated the buildup 
of solids at the end of each bubbler tube. The 
experiment was terminated when it was no 
longer possible to maintain assured flow for 
24-hour periods. The possibility of formation of 
insoluble sulfates could not be ruled out, so 
enough barium chloride was added to the acid 
solution in the conditioning bubblers to yield 
saturation. 

For the first few days, operation seemed satis- 
factory, but in the course of a week enough 
water had been evaporated to raise the nor- 
mality, reducing the solubility of the barium 
chloride to the extent that only a few hours 
of operation was possible because of plugging 
of the fritted dises in the conditioner bubblers. 
This plugging was easily remedied by flushing 
the fritted dises with distilled water, demonstrat- 
ing that plugging was not a function of sulfate 
precipitation. Following this, distilled water was 
added to the generators in amounts sufficient to 
raise the solution levels nearly to the tops of 
the viewing ports (see Figure 2), and 0.5N 
HCl only was placed in the conditioners. Fur- 
ther evidence that saturation of the generator 
solutions was the cause of all the difficulties is 
shown in the record of operations for the six 
months following this change. There has been 


no plugging, and there has been a gradual in- 
crease in radon levels in the chamber. 

In light of this operational difficulty, it would 
seem advisable to incorporate some procedure 
for assaying acidity in future radon generators 
of this type. Unfortunately, it is not feasible 
to do so in the existing arrangement. It is be- 
lieved that the presence of barium is desirable, 
although results show that something less than 
1000:1 atom ratio is suitable. Except for the 
saturation problem, this equipment has proved 
quite effective for inhalation studies with radon, 
with no problems of temperature control, re- 
spiratory infection, or other artifact obscuring 
the biological results. A long series of ex- 
periments is planned for the study of radiation 
injury from radon, with every assurance that 
mechanical problems will be minimal. 
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ERRATA 


_ THE SEVERAL STAGES OF PROOF-READING in the publication 
of a journal, occasional errors and omissions do slip through. On page 245 of 
the August 1961 issue of this Journal two such errors virtually trod on one another. 
In the article “Correlation of Industrial Noise Exposures with Audiometric Findings” 
by E. J. Schneider, J. E. Peterson, H. R. Hoyle, E. H. Ode, and Dr. B. B. Holder the 
acknowledgment of affiliation should have shown Mr. Ode and Dr. Holder as mem- 
bers of the Medical Department, The Dow Chemical Company. 

In the abstract of this same article a negative was omitted from the next-to-last 
sentence which should have read: There was evidence that men working in: jobs 


profiled “A” and “B” 


ageing. 


showed no more hearing loss than was expected for normal 
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